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Abstract
This thesis focuses on the realization of two photonic devices; 1) semiconductor lasers
and 2) large area broadband Saturable Bragg Reflectors (SBRs). Semiconductor lasers
explore the use of 3D and 2D quantum confinement of charge carriers within quantum
dots (QD) and quantum wells (QW) lasers respectively. The index-guided QD and QW
heterostructure lasers that were fabricated in this work investigate the electrical and optical
properties of these active regions for the implementation in all-optical logic gates. Saturable
Bragg Reflectors (SBRs) can be used for the generation of widely tunable ultra-short pulses
for various laser systems. The III-V based SBRs comprise of layers, whose thicknesses
correspond to the wavelength of the laser system that is to be mode-locked. To form short
pulses, SBRs with broadband reflectivity and large area (hundreds of microns) are required.
One of the key elements for the realization of broadband SBRs is the development of the
thermal oxidation process that creates buried low index AlOY layers over large areas. The
design, fabrication, characterization and implementation of ultra-broadband high index
contrast III-V/AlOy SBRs as circular mesas, as well as inverted mesa structures for ultra-
short pulse generation is presented using a physical model of the oxidation process.
Thesis Supervisor: Leslie A. Kolodziejski
Title: Professor of Electrical Engineering and Computer Science
Thesis Supervisor: Gale S. Petrich
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Chapter 1
Introduction
1.1 Integrated Photonic Devices
Photonics is a field of engineering that deals with the manipulation for light for useful ap-
plications, much as electronics do with electrons. The spectral range of interest in optics
is usually between 100nm and 10pm [1, 2], which is the ultraviolet to infrared wavelength
range, however the primary interest for photonic applications lies in an even narrower wave-
length range spanning from the visible to near infrared ranges (Figure 1-1). Fortunately,
this spectral range is largely aligned with and determined by the properties of materials
used to make photonic devices. In this spectral range, the quantum energies of photons
coincide with the band gaps of most semiconductors. The energy of a photon is critical
because it determines the behavior of an optical wave in a semiconductor photonic device.
The uniqueness of photonic devices is that both wave and quantum characteristics of
light are considered for the function of these devices. Generally, the particle (photon) nature
of light dictates the operation of devices for emission, amplification or detection of light,
while the wave nature is important for all operations and functions, but particularly so for
modulation, switching and transmission of light. This thesis focuses on research on two
kinds of photonic devices; 1) semiconductor lasers and 2) ID Saturable Bragg Reflectors.
The advancement of microelectronic fabrication techniques have enabled the develop-
ment of semiconductor lasers. The lasers have gained special importance in the opto-
electronics arenas [3] due to their compactness, the possibility of fabricating several indi-
vidual lasers on a planar substrate, as well as in the field of integrated photonics due to
the possibility of integrating lasers on a chip containing other photonic devices [4]. In this
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Figure 1-1: Band gap energy versus lattice constant of various Ill-V semiconductors demon-
strating flexible band gap combinations (adopted from Tien, 1988).
thesis, quantum well and quantum dot heterostructure lasers have been fabricated with the
purpose of characterizing the gain region for implementation in an all-optical logic chip.
Semiconductor lasers using quantum-dots in their active regions have been reported to ex-
hibit significant performance advantages over their bulk semiconductor and quantum-well
counterparts namely: low threshold current, high differential gain and highly temperature
stable light-current characteristics [5, 6, 7]. The lasing characteristics of a ridge-waveguide
laser containing multiple layers of quantum wells and quantum dots as the active region are
investigated.
The second photonic device category explored in this thesis is the Saturable Bragg
Reflector (SBR), also referred to as SESAM. Something interesting happens when light
propagates through periodic media, more technically referred to as photonic crystals. A
photonic crystal is a 2D or 3D periodic structure whose dielectric constant and therefore its
index of refraction is modulated periodically on the order of the wavelength of light within
the photonic crystal. This periodic arrangement of high and low-index materials, leading
to a substantial index contrasts, giving rise to a photonic band gap, an energy range that
separates allowed and forbidden energy states. This energy separation is analogous to the
band gap for electrons that is observed in a semiconductor crystal. In 1887, Lord Rayleigh
first demonstrated a one-dimensional photonic band gap from "laminated media", in which
a spectral range of high reflectivity was observed [8]. However, it wasn't until Yablonovitch
and John [9, 10] published their milestone work on 2D and 3D photonic crystals in 1987
that research in photonic crystals really began to take off. Great achievements have also
been made in extending the ideas of ID laminated mirrors since Rayleighs time, including
the work presented in this thesis. In the literature, photonic crystals are classified as one-
dimensional (iD)', two-dimensional (2D), or three-dimensional (3D) as depicted in Figure
1-2. Each configuration offers attractive applications in optoelectronic devices such as micro-
cavity waveguides [12], splitters [13], light emitting diodes (LEDs) [14], switches [15] and
couplers [16]. The research presented in this thesis focuses on the development of large area
Saturable Bragg Reflectors (SBRs), which use a ID photonic crystal to reflect a very broad
spectrum of light for ultra-short pulse generation.
3D 2D ID
Figure 1-2: Real space representation of a 3D, 2D ID periodic structures.
1.2 Scope of this thesis
After providing a general background on photonic devices in Chapter 1, Chapter 2 explores
the use of 3D and 2D quantum confinement of charge carriers within quantum dots (QD)
and quantum wells (QW) lasers respectively. The index-guided QD and QW heterostructure
lasers that were fabricated in this work investigate the electrical and optical properties of
the active regions for implementation in more complicated photonic devices. The various
'A misnomer in the optical community [11].
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steps involved in the design, fabrication and characterization of these lasers are presented
in detail.
A hard turn is made in Chapter 3, which focuses on the motivation for creating ultra-
short pulses on the order of picoseconds to femtoseconds (10-12 to 10-15 seconds). The
theory behind the use of Saturable Bragg Reflectors (SBRs) for the generation of ultra-
short pulses in various laser systems is presented. The design and fabrication of the III-V
material based SBRs comprising of periodic layers whose thicknesses correspond to the
wavelengths of the laser systems that are to be mode-locked is discussed.
The fabrication process that is central to the development of widely tunable broadband
SBRs is described in greater detail in Chapter 4. A full discussion on the chemistry of
the oxidation process that converts semiconductor Aluminum Arsenide (AlAs) to oxide is
included. A physical model describing the lateral oxidation of AlAs using steam is presented
in detail. The model takes into account several processing parameters in one equation and,
therefore, can be easily applied to the process control of device fabrication. The relevant
control parameters in the device modeling and fabrication include oxidation temperature,
oxidation time, AlAs layer thickness, mesa geometry and the presence of strain/stress fields.
Theoretical calculations are shown to agree well with measured experimental values.
One of the challenges associated with the fabrication of broadband SBRs is the tendency
for layers to suffer structural damage during the high temperature oxidation process. In
Chapter 5, an investigation of the structural changes induced by the oxidation process are
investigated. Discussions of some of these challenges, as well as solutions, are presented.
Finally in Chapter 6, the thesis is summarized and concluded by presenting results from
optical characterization and mode-locking implementation of fully-fabricated SBR devices.
The benefits of using the large area broadband SBRs compared to conventional narrowband
SBRs in real world ultrafast lasers are highlighted.
Chapter 2
Integrated Fabry-Perot Lasers for
Integrated Optical logic
2.1 Motivation
Today, long-distance internet traffic is transmitted optically. One of the key bottlenecks
preventing increased data speeds remains the switching technologies that manage and direct
network traffic. After hundred kilometers, the optical signal experiences losses and disper-
sion and must be 3R regenerated (re-amplified, reshaped, retimed) and routed. The signal
processing that is required for retiming, routing and regeneration is performed in the elec-
tronic domain, requiring expensive optical-to-electronic-to-optical (OEO) conversions. All-
optical switching, which could eliminate these OEO bottlenecks, thereby delivering channels
rates in the excess of 100 Gb/s [17], depends critically on the advancement of technologies in
the photonic realm that are analogous to current electronic logic elements such as electronic
transistors, buffers and amplifiers. Besides increased date speeds, power consumption can
be greatly reduced by using optical switches, some groups reporting powers as low as 2 pJ
per bit [18]. One of the enabling technologies that is involved in elementary optical logic
units in the asymmetric twin-waveguide semiconductor optical amplifier (ATG-SOA), which
enables optical circuits to be manufactured with both the active and the passive compo-
nents using only one epitaxial growth. Quantum dot semiconductor optical amplifiers have
already been realized [19, 20, 21] and integrated into optical logic structures. The fast car-
rier dynamics could enable ultrafast operation in excess of 200 GHz [22] and extremely fast
gain recovery of ~130 fs [23]. Most of this ultra-fast work has been carried out at 1300 nm.
Transitioning to 1550 nm is not trivial as a change in the substrate material from GaAs
to InP. At this time, the lower lattice mismatched InAs quantum dots on inP as are not
as well-developed as inAs quantum dots on GaAs. The motivation for this work was to
characterize the active regions of various heterostructure lasers for the incorporation of the
active regions into integrated optical logic chips, with the ultimate goal of developing an
all-optical chip that are suitable for optical networks.
Semiconductor heterostructure lasers utilize the band gap differences of various avail-
able semiconductor materials. The band gap refers to the energy difference (in electron
volts(eV)) between the top of the valence band and the bottom of the conduction band
in the semiconductor. A layer of low band gap material is sandwiched between two high
band gap layers such that each of the junctions between different band gap materials is
called a heterostructure. The lasers that are fabricated in this work offered a means of
characterizing the active region-the smallest band gap region where free electrons and holes
exist simultaneously and radiatively recombine. Holes are missing electrons. They behave
as particles with the same electric properties as the electrons would have occupying the
same states except that they carry a positive charge and effective mass. If the active region
layer is made thin enough, it becomes a quantum well, which confines charge carriers, which
were originally free to move in three dimensions, to two dimensions. A quantum well laser
diode not only makes much shorter wavelengths accessible since the wavelength of the light
emitted by a quantum well laser is determined by the width of the active region rather than
just the band gap of the material from which it is constructed. Additionally, the efficiency
of a quantum well laser is also greater than a conventional bulk semiconductor laser diode
due to the stepwise form of its density of states function- the function that describes the
number of states per interval of energy at each energy level that are available to be oc-
cupied by charge carriers. If the idea of quantization is extended even further, quantum
dots can be created, whereby charge carriers are confined in all three spatial dimensions.
The electronic properties of quantum dots are closely related to the size, shape and com-
position of the individual dot. For example, the smaller the dot, the larger the band gap,
therefore more energy is needed to excite the dot-elevate an electron from the valence band
to the conduction band, and concurrently, more energy is released when the dot returns
to its resting state. Furthermore, the spatial confinement and the delta-like nature of the
electronic density of states in quantum dot lasers results in more efficient devices operating
at lower threshold currents; the minimum current needed to sustain laser action in a laser
diode. The lasers presented in this section utilize quantum well (QW) as well as quantum
dots (QD) active regions and are characterized for eventual incorporation into Optical logic
gates; devices that performs Boolean logic operation on one or more logical inputs and
produces a single logical output, all in the optical realm [24].
2.2 Heterostructure semiconductor laser basics
Semiconductor lasers emitting at telecommunication wavelengths (1.3 pm -1.6 Pm) have
been developed from compounds composed of Column III and Column V elements because
these compound semiconductors have band gap energies that cover this wavelength range
and well beyond. For example, band gaps in direct semiconductors, in which the momentum
of electrons and holes is the same in both the conduction band and the valence band, ranges
from 0.5 eV - 4 eV, which in wavelength corresponds to 2.48 pm - 0.31 pum respectively.
A laser accomplishes light amplification via the radiative recombination of excited charge
carriers i.e. electrons that have been elevated from the valence band to the conduction band,
leaving behind holes in the valence band. In the presence of positive optical feedback the
radiation field is reinforced, resulting in lasing. The active region can either be optically-
pumped or electrically-activated and may emit light through spontaneous or stimulated
emission processes. The active region can also absorb quanta of light energy referred to as
photons via stimulated absorption. These light-matter interaction process are depicted in
Figure 2-1.
Excited carriers will normally release their excess energy in the form of incoherent radi-
ation and, in so doing, revert back to a stable state via the process of spontaneous emission.
Alternatively, in the presence of radiation, a photon can possibly interact with an excited
carrier while that carrier is still in its high-energy state. The carrier may then release its
excess energy in the form of a photon that is in phase with, has the polarization of, and
propagating in the same direction, as the stimulating photon in a process called stimulated
emission. These emitted in-phase photons bounce back and forth inside the resonator cavity
that is created by the parallel end facets of the semiconductor. Subsequent reflections from
the ends of the cavity, which includes the active medium results in an increase in the number
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Figure 2-1: Light-Matter interaction processes whereby Ec is the edge of the conduction
band and E, is the edge of the valence band.
of photons and consequently a gain in the intensity of emission with every pass. This optical
feedback is usually achieved by placing high reflective coatings or by having well-cleaved
mirror-like facets, which utilize Fresnel reflection at the semiconductor/air interfaces.
In accordance to Fermi-Dirac statistics, most carriers are ordinarily in their lowest energy
state. In order to achieve lasing, the number of electrons in the conduction band must exceed
a threshold value so that the probability of emission is higher than absorption. A population
inversion [25] in which most carriers are excited to higher energy states, must be created
and maintained so that stimulated emission dominates spontaneous emission and absorption
processes, which occur concurrently. Pumping by electrical or optical means leads to a band
structure depicted in Figure 2-2 in which more energy is required for absorption than for
emission so that the material exhibits a net gain of radiation.
The idea to exploit quantum effects in heterostructure semiconductor lasers to produce
wavelength tunability and to achieve lower threshold current densities by reducing the
number of translational degrees of freedom of the carriers and thus changing the density
of states at the band edges was first proposed by Dingle and Henry in 1976 [5]. Quantum
wells became widely explored by the late 70s, but carrier confinement existed in only one
direction and so the need for improvement was clear. Towards the turn of the 2 1st century,
Figure 2-2: A simplified depiction of the active region due to excitation. Shaded circles
represent electrons or filled states while unshaded circles represent holes or empty states
[25].
lasers using confinement in two directions; quantum wires or quantum dashes and all three
directions; quantum dots began to gain physical realization.
Quantum dot (QD) heterostructure lasers are a type of semiconductor laser that use
quantum dots as their active media. Quantum dots are semiconductor nanocrystals of
narrow band-gap material that are embedded in a wider band-gap material. Due to the
strong 3D carrier confinement, devices that employ quantum dots have unique capabilities
that are otherwise practically unachievable with bulk semiconductors or even with 2D-
confined quantum wells. These advantages have to do with the fact that with additional
restriction of electron motion comes the discretization of the allowed wave functions with
distinct indices along the confining direction(s). These previously unavailable wave functions
result in a modification of the energy spectrum, which in turn changes the nature of the
density of states, as illustrated in Figure 2-3.
In particular, in a QD, the density of energy states, g(E), takes on the form of delta
functions with peaks centered at atomic-like energy levels. This delta function density of
states modifies the carrier distribution in such a manner as to enhance the concentration
of charge carriers at the ground state at the expense of higher energy parasitic levels.
In theory, when QDs are used as the active region of electrically-activated semiconductor
lasers, the vast majority of the injected non-equilibrium carriers are expected to relax into
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Figure 2-3: Density of states, g(E), for charge carriers in structures with different dimen-
sionalities [26].
a narrow energy range near the bottom the conduction band in the case of electrons and
near the top of the valence band, in the case of holes. The fact that the majority of the
electrons and holes are located in the ground state energy levels of the conduction and
valence bands respectively facilitates ground-state recombination, thus enhancing material
gain for ground state emission. In reality however, this ideal situation is limited by a finite
carrier capture time. There is a possibility of non-radiative recombination occurring within
the barrier quantum well layers in which the quantum dots dwell before the carriers have
the chance to thermally relax into the ground state the quantum dot. In other words, the
electronic transition of carriers from the barrier quantum well to the quantum dot occurs
at a finite rate. This finite rate dampens the radiative recombination current through the
active region, ultimately limiting the output power from the laser [271. As mentioned before,
one of the direct results of the reduction in the carriers' translational degrees of freedom
is in achieving lower threshold current densities, the injection current density above which
light emission by stimulated emission dominates.
Another important functional benefit of the discretization of energy states is that it
reduces the influence of temperature on device performance. The spacing of the energy
subbands in QDs is on the order of 100 of meVs while the average thermal energy of
carriers at room temperature is only 10's of meVs, an order of magnitude smaller. As such,
the threshold current density in QD lasers should be unaffected by temperature up to about
3D
(bulk)
300K [28] since the carriers can only be thermally excited to a very limited range within
these sparsely-spaced energy levels.
QD lasers are being developed for longer wavelength and higher power applications.
Herman et. al [29] have shown that the gain from a single layer of QDs is sometimes
insufficient in overcoming internal optical mode losses within a cavity. This is especially
true for short cavities on the order of hundreds of microns in which the deposition of high
reflectivity coatings on the output facets presents fabrication challenges. Growth of multi-
stack QD layers has been developed to enhance modal gain in short cavity QD lasers[30].
In order for the formation of identical stacked structures, a smooth spacer layer between
each QD layer is crucial so as to form QDs with uniform characteristics because even the
slightest departure from uniformity would cause inhomogeneous broadening due to strain
alteration. The purpose of the spacer layer is to counteract the strain fields from the buried
dots and can be thought of as a means of resetting the lattice structure in preparation for
growth of another quantum dot layer.
Despite all of these developments, published results failed to indicate any significant
speed performance increases over planar QW lasers until the idea of doping QDs with holes
was proposed and implemented. Deppe et. al have shown that for deep confinement poten-
tials as in GaAs-based 1300nm lasers, p-type doping in conjunction with the intrinsically
high carrier density associated with QDs is very effective in enhancing the gain character-
istics so as to produce modulation response speeds in excess of 30 GHz [6]. Figure 2-4
illustrates the relevance of the energy spacings of electron and hole energy levels [6].
Whereas the energy spacing for electrons is ~70meV, meaning that the electrons have
a high probability of being confined to the ground state, the spacing for holes is -10meV,
which causes a thermal smearing of hole population among hole states. Thermal hole
broadening had been shown to suppress gain performance [31]. Figure 2-4 illustrates that
in the undoped QD layer case, charge neutrality requires an increase in the number of
electrons that must be injected so as to achieve population inversion. As a result, the
injected radiative current must be increased and hence the differential gain is decreased [6].
If an excess of electrons is built in, as in the n-type doped case, the problem is made even
worse because the injected holes that are thermally smeared among excited states recombine
with the excess electrons in the higher energy states. If instead the hole density is increased
as in the p-type doping case, the large built-in hole concentration ensures that there will
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Figure 2-4: A schematic of QD energy levels with different built-in carrier distributions.
The thermal smearing of the closely spaced hole energy levels requires that an excess of
holes via p-type doping be built in so as to facilitate ground state recombination [6]
be enough holes in the ground level of the valence band with which injected ground state
electrons can radiatively recombine. As a result of p-type doping, room temperature ground
state optical gain, as well as differential gain, can be increased.
Self-assembled quantum dots reside in the quantum well in what is called the "dots-in-
a-well" (DWELL) design [32] in which lattice-mismatched quantum dots such as InAs are
deposited in a InGaAlAs quantum well that is in turn placed in a wider band-gap InGaAsP
matrix. As mentioned in the motivation of this work, the size of the QDs determines the
energy band gap and consequently the emission wavelength. Precise and narrow emission
wavelength tuning is not trivial because the self-assembled nature of growth of QDs results
in a QD size distribution, thereby leading to a smearing of energy levels and consequently
a broadening of the emission spectral width.
2.3 Simulations
The primary theme in considering laser design is how electrical and optical confinement are
to be achieved. The most commonly fabricated semiconductor lasers are either gain-guided
or index-guided whereby the difference is in the lateral confinement of the injected carriers
and consequently, the optical mode in the active region.
In stripe-geometry, gain-guided lasers, the top metal contact is defined by fabrication
processes. Injected carriers spread along the lateral direction due to lateral carrier diffusion
and current spreading and as a result, the effective width of the carrier distribution, n, and
the optical gain profile end up being wider than the actual metal contact width. The gain
distribution is the mechanism behind the confinement of the optical mode in the lateral
direction. Lateral carrier spreading also degrades the laser performance by increasing the
threshold current and therefore reducing the quantum efficiency. In contrast, for index-
guided lasers, such as the ridge waveguides lasers in this work, the lateral confinement
of injected carriers and consequently the optical mode, are achieved by the use of a low-
index dielectric. The low-index dielectric enhances the contrast in the lateral effective index
profile, thereby confining the optical mode in the high-index region.
A schematic of an as-grown Quantum well laser structures (VA96) that was grown in
this work is shown in Figure 2-5. The use of a separate confinement heterostructure enables
electrical confinement while optical confinement is achieved by means of ridge waveguides
that are fabricated in subsequent processing.
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Figure 2-5: Structure of VA96 semiconductor laser with epitaxial semiconductor layers and
the four quantum wells within the active region.
The active region of the VA96 epitaxial structure that is shown in Figure 2-5 comprises
of four InGaAs quantum wells separated by InGaAsP cladding layers. The active region
is sandwiched by undoped InGaAsP inner cladding layers followed by InP outer cladding
layers that are lightly doped with Be and Si for the p-type and n-type regions respectively.
Holes are injected into the laser through the top p-type InGaAs:Be layer while electrons are
injected through the bottom n-type inP:Si substrate. The charge carriers travel across the
p-n junction under the influence of an applied forward bias, gradually transitioning in energy
from the larger band gap regions to the small band gap quantum wells. With the electrons
and holes present in the same region, they recombine, emitting a photon with energy equal
to the difference between the electron and hole states involved. The radiative recombination
that occurs in the InGaAs quantum wells of laser structure VA96 is depicted in Figure 2-6.
The room temperature photoluminescence spectrum (PL) of the laser structure exhibits
emission at about ~1630nm.
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Figure 2-6: Room temperature photoluminescence spectrum for grown VA96 epilayers show-
ing an InGaAs emission peak at 1630nm.
In addition to VA96 QW laser structure, QD laser structures were grown such as that
shown in Figure 2-7. The QD laser structure, VA117, contained 4 layers of InAs QD
embedded in In.53 Ga. 36A.11 As spacer layers, which were lattice matched to InP. Room
temperature PL measurement of the QD laser structure demonstrating emission at -1600nm
as shown in Figure 2-8. The noticeably broader PL spectrum in QDs compared to QWs
may be explained by size inhomogeneity of the dots. QD lasers such as VA117 were also
fabricated into ridge lasers using the same fabrication processes as the QW lasers. Details
of the fabrication process are discussed at length in the Section 2.4.
Commercial design software Optiwave@ and BeamProp® were used to simulate the
optical modes supported by various ridge depths and widths. Based on the Beam Prop-
x4
150nm InO GaO.isAsO P
500nm InP:Si (3E18)
Figure 2-7: Structure of
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Figure 2-8: Room temperature photoluminescence spectrum for grown VA117 epilayers
showing a broadened InAs emission peak at 1600nm.
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agation Method (BPM), the programs calculate the propagation of electromagnetic field
by computing an effective index of refraction. Since a guided optical mode is centered at
the region with the highest refractive index, the highest index region in these devices was
designed to be the quantum well region. Using the cross-section of the heterostructure
laser, the transverse (TE) electric field distribution of the guided mode(s) as a function of
ridge dimension was calculated. A more comprehensive description of this calculation can
be found in A. Markina [24].
The indices of refraction for most of the materials in the VA96 and VA1 17 structures were
taken from [33]. For simplicity, the indices of refraction are assumed to be constant with
injection current and temperature. The ridge waveguides, as defined by photolithography,
range from 1.5pm to 30pm in width. For each stripe width, the ridge depth was varied from
0.05pim to 0.9pm in order to determine ridge depths that support a single, well-confined
optical mode. Figure 2-9 shows the results of optical simulations for a 3pm-wide ridge that
is etched to depths of 0.5pm and 0.9pum. For both ridge depths, a single transverse mode
is supported, but is more laterally confined in the 0.9pum-deep ridge. The simulations also
illustrate the edge-emitting functionality of the lasers, whereby the laser beam propagates
in a direction that is in-plane with the wafer surface and is reflected or coupled out at a
cleaved edge. The output facets in this work are formed by cleaving, making use of the
semiconductor-to-air reflection coefficient to provide optical feedback. Emission is supported
in both axial directions since no reflective coatings were applied to any facet.
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Figure 2-9: BeamProp BPM simulations showing transverse mode confinement for 3pim-
wide ridge at (a) 0.5pum and (b) 0.9pm etch depths. Lateral confinement increases with
ridge depth.
2.4 Fabrication
2.4.1 Epitaxial Growth
The fabrication process begins with the epitaxial growth of semiconductor layers by Solid
Source Molecular Beam Epitaxy (SSMBE). The MBE growth technique offers excellent
control in material composition, doping concentration and layer thickness. MBE allows for
the ultra-pure growth of a wide array of III-V semiconductor material systems on single or
multiple wafers within a single growth chamber. By epitaxially growing binary, ternary, qua-
ternary and even quinternary semiconductor materials of different band gaps, the electrical
and optoelectronic properties of the lasers can be tailored to meet design specifications.
The basic principle of MBE is that when elements are heated, they evaporate or sublime
to form linear molecular beams that diverge from source to target. The geometry of the
growth chamber is such that the beams overlap when they reach the target substrate,
allowing for the growth of alloy layers. The substrate is heated so that upon arrival, the
atoms adsorbed on a surface, referred to as adatoms, have sufficient thermal mobility to
migrate along the substrate surface to an energetically favorable location where they get
incorporated.
2.4.2 Laser Fabrication Procedure Overview
Semiconductor lasers can be fabricated by a number of standard fabrication techniques, the
most enabling of which is photolithography. Photolithography allows for the fabrication
and incorporation of multiple lasers on a single wafer and/or chip. The very first step in
all photolithographic techniques is to perform a surface clean. A solvent clean, a sequential
acetone/methanol/isopropanol rinse followed by drying with nitrogen, is typically performed
with III-V semiconductor materials. The solvent clean removes particles and any organic
materials, which would adversely affect the pattern transfer.
The clean wafers are then spin-coated with photoresist using a vacuum chuck spin-
coater. As photoresist by nature is made of solvents, the next step is a soft-bake, which
would evaporate the solvents in the photoresist. The wafer is then exposed to ultraviolet
(UV) light through a chrome-patterned quartz mask that is placed in intimate contact
with the resist-coated surface of the wafer. The chrome selectively blocks the UV light
from reaching the photoresist. During exposure, a photo-activated chemical reaction occurs
within the resist that changes the resist's solubility in a particular chemical solution known
as the developer, whereby exposed areas may becoming soluble (positive resist) or insoluble
(negative resist). During the development, the soluble portions of the resist are removed,
leaving behind the same pattern as that on the mask pattern in the case of positive resists or
the inverse of the mask pattern in the case of negative resists. The final resist pattern is then
used for subsequent patterning of the wafer. The photolithographic process that has been
described above is known as contact lithography, as the mask and the wafer are brought
into contact. This method of lithography continues to be widely used for academic/research
purposes while industry has moved on to use more sophisticated tools such as steppers in
which instead of making contact to the wafer surface, the mask pattern is projected onto
the wafer.
The patterned photoresist may be used as a "soft" mask for the etching of underlying
layers. Alternatively, hard masks may be used instead as they are more robust to the
etching process. One example of a commonly used hard mask is Silicon dioxide (SiO 2)
deposited by Plasma Enhanced Chemical Vapor Deposition (PECVD). In PECVD, reactive
gases such as SiH 4, 02, N20 are introduced into a vacuum environment in which a plasma
is then generated by radio-frequency (RF) electric fields. The ionized gases undergo a
series of chemical reactions, eventually forming a Si0 2 film on the surface of the substrate.
By controlling the gas chemistries and flows of the various gases, uniform and relatively
defect-free films can be grown. The SiO 2 films in this work were deposited using a Surface
Technology Systems Multiplex PECVD system.
Following a successful patterning of either "soft" or "hard" masks, the process of etching
ridge waveguides into the semiconductor may follow. In some cases, the optical mode is
entirely contained within the ridge waveguide. In such a situation, the sidewalls of the ridge
must be smooth and vertical, as any deviations would lead to significant scattering of the
optical mode as it propagates down the waveguide. However, if shallow ridges are to be
patterned, sidewall smoothness, is not so critical because the mode may not "feel" much
of the roughness as the optical mode is not completely confined in the ridge. In such cases
a simple wet etch may suffice. Wet etches are typically isotropic and do not exhibit good
etch selectivity. Due to the isotropic nature of wet etching, small features are typically
completely undercut. The larger features also get undercut but remain relatively intact.
In cases where deep, vertical ridges are desired, reactive ion etching (RIE) is the better
option. Similar to PECVD, except that during the RIE process, material is being removed
rather than deposited; a chemically reactive plasma removes material from the substrate.
The etching process is both chemical and physical in nature such that the reactive gas
atoms react with the unmasked areas of the sample to form volatile species, whose removal
is enhanced by high-energy ions bombardment, which removes the atoms from the surface
by means of a kinetic energy exchange. The byproducts are then transported away. The
high anisotropy, which is a characteristic feature of RIE etch profiles, is achieved by the
vertical delivery of the bombarding ions. By changing the parameters such as the gas flows,
DC Bias voltage and RF power, the etch rates and profiles may be systematically adjusted.
At low DC biases and high pressures, chemical etching of the sample dominates while at
high DC biases and low pressures, the physical etching dominates. The latter produces
more damage but better anisotropy compared to the former.
Finally, active devices require a means of current injection. To facilitate this, ohmic
contact pads are incorporated onto the surface of the device. Metallization is typically done
by evaporating metal onto the substrate surface. The metal contacts are typically defined
by a procedure known as lift-off in which metal is evaporated onto a photoresist-patterned
surface of a wafer. The photoresist is eventually removed, along with the metal above it,
leaving behind metal contact pads on the semiconductor surface. A rapid thermal anneal
(RTA) may be used to facilitate alloying in the case of multi-layer contacts.
The methods presented above are the most standard techniques that are used in the
fabrication of photonic devices. The following sections give an in-depth look into some of
the key fabrication steps that were used to produce the quantum well and quantum dot
index-guided lasers in this work. Sequential Scanning Electron Micrographs (SEMs) of the
control samples as they went through the various fabrication processes are included.
2.4.3 Sidewall Roughness - Photoresist
Sidewall roughness of the etch mask is a direct result of the roughness of the patterning
resist. Sidewall roughness can easily render a waveguide prohibitively lossy. As such, side-
wall smoothness must be optimized. The resist that is used for the initial photolithography
step in the wet etch process was PRI-4000A, a positive resist that is spun to a thickness of
roughly 3pam. This resist was then patterned after which the pattern was transferred to the
underlying oxide via an RIE oxide etch.
Figure 2-10: SEM micrographs showing smooth, nearly vertical resist sidewalls of positive
photoresist that defines the SiO 2 etch mask, which then defines the semiconductor ridge
waveguides in subsequent processing steps.
Resist development is also important, as it is easy to overdevelop the resist, which
would also result in a poor resist profile. Smaller features develop first, making it hard to
gauge when to stop the development so experimentation is necessary in determining the
endpoint. The developer that was used was RD6 developer, a tetramethylammmonium
hydroxide (TMAH)-based metal ion solution. As a final sidewall improvement, the resist
may be exposed to a short He/0 2 descum step. During a descum step, any residual surface
resist as well as the little resist bumps along the resist sidewall, which are areas of slightly
increased electric field strength get etched away first, leaving behind a smoother sidewall.
The descum step that was used was a 10sec, 5 sccm/10 sccm He/0 2 , 20 mTorr, 150 W etch.
Figures 2-10 shows the optimized positive resist profile. The exposure tool that was used
was the OAI HybraAlign 400 series aligner.
2.4.4 Sidewall Roughness - Oxide RIE Etch
Following resist patterning, the pattern is then transferred into the underlying oxide via a
fluorine-based etch process. The etch conditions were 15 sccm of CF 4 at 10 mTorr with
148 W of RF power, which yielded an etch rate of about 30nm/min. The CF 4 molecules
dissociate into ions, which by virtue of the oscillating RF electric field, continuously bombard
the target material, etching it. In addition to the kinetics, the fluorine radicals react with
the SiO 2 to form unstable species of SiF 4 and 02, which then get pumped away by the
vacuum system. The RIE tool that was used was a Plasmatherm Model 790.
When designing an etch process, the vulnerability of the etch mask to the etch parame-
ters must be kept in mind. For example, high voltage etches may lead to unwanted heating
of the resist etch mask, causing the residual photo-polymer to outgas and in effect ruin the
resist profile. A poor mask profile would then be reflected in a poor pattern transfer into
the oxide. Following a successful oxide patterning, the positive photoresist is removed by an
ultrasonic treatment in acetone, followed by a short He/0 2 descum. Figure 2-11 illustrates
an optimized oxide etch after the resist etch mask has been removed.
Figure 2-11: SEM micrographs showing the SiO 2 etch mask, after the photoresist has been
completely removed.
2.4.5 Sidewall Roughness - Semiconductor ICP RIE Etch
The next step is to transfer the metal/oxide pattern into the semiconductor so as to form
the ridge waveguides. The ridges should have smooth sidewalls, even though the mode will
not actually reside in the ridge. As mentioned before, RIE and wet etches were both carried
out and are individually discussed below.
The etched waveguides were obtained by an inductively coupled plasma reactive ion etch
(JCP RIE). Two independent RF sources are used in ICP RIE, one is coupled inductively
to a low pressure gas mixture creating a high density plasma, and another is applied to a
lower electrode (sample holder) to produce a substrate bias that extracts and accelerates
the reactive species from the plasma to the sample that is being etched. The etch process
was optimized for gas flow rate ratios, substrate temperature, ICP and RIE RF powers and
chamber pressure.
The etch was performed in a Samco ICP RIE system. The InP samples sat on a ceramic
carrier that was heated to 220'C. The etch conditions were 0.6Pa, 150W ICP RF power,
100W Bias RF power, 0.5 sccm Cl 2 , 1.0 sccm SiCl4 and 10 sccm Ar. The InP etch rate
was found to be approximately 660nm/min. The samples are heated to increase the vapor
pressure and thus desorption of the non-volatile neutral reaction products, in this case InCl3.
As the plasma is diffusive from the source to the sample, increasing the pressure gives rise
to a decreasing etch rate. As this is an ion-assisted etch, increasing the ion density, either
by increasing the reactive gas SiCl 4 and C12 concentrations or by increasing the plasma-
generating ICP power results in a higher etch rate. However, the chemical component of this
etch has to be balanced with the physicality of the etch, which is typically a function of the
bias voltage that enables the drift of ions across the electric field that is created by the Bias
RF power supply. The ions react chemically with the exposed InP or InGaAsP, but also
sputter some material by transferring some of their kinetic energy to the surface atoms. Due
to the mostly vertical delivery of reactive ions by virtue of low pressure, very anisotropic
etch profiles are produced. As dictated by the simulations, 0.9 pm-deep ridges were formed.
Figure 2-12 below are from pm-deep control ridges. The sidewalls were vertical by virtue
of the anisotropic nature of the etch and as smooth as the photoresist sidewalls that was
used in pattern transfer. In addition, the SiO 2 etch mask withstood the etch with minimal
erosion.
2.4.6 Planarization
A cyclotene spin-on dielectric that is derived from bisbenzocyclotene (BCB) monomers,
BCB 3000-26, was used to flatten or planarize the surface of lasers following the creation
of the ridge waveguides.The characteristic low dielectric constant, low moisture absorption
and negligible out-gassing of BCB during the subsequent dry etch makes BCB suitable for
planarization.
The wafer is cleaned with a quick solvent rinse and then dehydrated in a convection
oven at 130'C for 30 min to drive off moisture, which could impair adhesion. An adhesion
Figure 2-12: SEM micrographs of the ICP RIE etch with the SiO 2 etch mask still present.
The etch conditions were 0.6Pa chamber pressure, 150W ICP RF power, 100W Bias RF
power, 0.5 sccm C12 , 1.0 sccm SiC14, 10 sccm Ar.
promoter AP3000 is then spun on and baked at 100 0C. BCB is then spun at 3000rpm to
yield a thickness of about 3.2pm. The BCB is then soft-baked on a hot plate at 100 0C
to evaporate some of the solvent. Finally, the BCB undergoes a full polymerization via a
60 min 250 C thermal cure in a nitrogen environment. Profilometry measurements of the
cured BCB showed negligible variation in surface uniformity even over the 0.9 pum ridges
suggesting adequate global planarization.
BCB is composed of silicon and carbon. Therefore, in order to etch BCB, CF 4 and
02 must be present and in the correct proportions so as to etch the silicon and carbon
components respectively. An oxygen-rich plasma will remove the carbon, but will crieate
an amorphous SiO 2 layer on the surface of the BCB, which decreases the etch rate and
eventually stops the etch. On the other hand, a fluorine-rich etch will etch the silicon,
but also forms an amorphous silicon layer, impairing the etch as well. The results of the
planarization as well as the etch back of BCB revealing underlying oxide-capped ridge
surfaces are shown in Figure 2-13.
The SiO 2 etch mask that was left on top of the ridge waveguides to protect the top
surface of the semiconductor from ion bombardment during the BCB etch back is then
removed using a short Hydrofluoric (HF) acid dip. Following the removal of oxide, the top
Ti/Pt/Au ohmic contacts are patterned using a negative NR9 photoresist and a standard
metal lift-off process. Figure 2-14 illustrates a fully front-end-fabricated wafer.
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Figure 2-13: (a) SEM micrograph showing BCB (cyclobezene) offering full planarization of
etched InP ridge waveguides. (b) BCB etch back using a 33% CF 4 , 67% 02 etch chemistry at
a 15 mTorr and RF power of 148 W. Following a series of short etches that were accompanied
by SEM inspections, the underlying SiO 2 mask is revealed.
Figure 2-14: SEM micrograph showing a fully front-side fabricated representative laser
sample following SiO 2 removal and metal patterning to define the 30/20/200nm Ti/Pt/Au
contact pads.
2.4.7 Backside Processing
Backend processing is the final step in the fabrication sequence. Often regarded as a simple
process, back-end processing is critical and can damage the device if not done correctly.
This processing includes wafer thinning, evaporation of back-side metal and then mounting
the sample in preparation for characterization. During front-end processing, the wafers
have a considerable thickness (~ 360pim), which is typically enough to minimize breakage
from tweezer handling and the numerous processing steps that the wafers must undergo.
However, when all the front-end processing is complete, there is no longer a use for this
excess material. The wafer is thinned down to remove the excess material. Thinning a
wafer has multiple purpose. In the case of edge-emitting lasers, the wafer thinning process
improves the quality of the cleaved output facets. The thinner the wafer, the easier it is to
cleave along the preferential cleave plane, forming highly reflective mirror-like facets, which
eventually provide the optical feed back in the laser cavity.
Wafers were thinned by a combination of lapping and polishing processes. Lapping was
done to reduce the wafer thicknesses from about 360 pm to 150 pm-180 pm. In the lapping
procedure, a wafer is mounted, back-side up, onto a stainless steel mounting block using a
wax that is soluble in trichloroethylene (TCE). The block and wax are heated above the
melting point of the wax (165 C) and the wax is spread out in a thin layer. The substrate is
then placed back-side up in the wax puddle, applying pressure to make sure that the front
side is sufficiently wetted and that the wafer is sitting as flat as possible. The assembly is
allowed to slow cool after which any excess wax is scrapped off the block and the substrate.
The samples are then lapped using a South Bay Technology-Model 910 Lapping machine.
The mounting block is mounted onto a micrometer-controlled lapping fixture, which allows
the operator to set the amount of material that is to be removed. When the desired thickness
and polish are reached, the sample and block are rinsed thoroughly in DI water to remove
all the material debris.
The next step is the evaporation of 30/60/30/200nm of Ni/Au/Ge/Au n-type back-side
contact. The tool that was used for both front-side and back-side e-beam evaporation was
the Temescal FCE-2500. So as to minimize the handling of fragile lapped wafer pieces, the
back-side metal is evaporated while the samples are still mounted on the lapping blocks.
This way, the blocks are physically handled, rather than the fragile wafers. Following back-
side metal evaporation, the wafers are dismounted by heating the blocks so as to melt the
wax and release the samples. The samples are gently removed and allowed to sit in hot
(90 0C) TCE to dissolve all the remaining wax from the front-end of the wafer.
The final processing step is the creation of the ohmic contacts using a process called
rapid thermal annealing, The wafers go through a 30 second rapid-thermal anneal (RTA) at
380 0C to allow the Ni/Au/Ge/Au to melt and diffuse into the InP substrate. The Ni layers
allow the contact to adhere to the surface, while the Au layers reduce contact resistance.
The Ge aids in diffusion of the contact into the sample when annealed. Conveniently, this
RTA step alloys both the top and bottom contacts concurrently. Using a sharp scalpel, the
fully-fabricated laser devices are manually cleaved into chips.
During operation, laser devices generate significant amounts of heat. As such, it is
crucial that there be a good thermal contact to a heat sink in order to achieve optimal device
performance and device longevity. In choosing the materials to use to mount, matching of
the thermal coefficients of expansion between the device substrate and the copper mount
is paramount. The copper mounts are coated with 500nm/700nm/500nm of Ti/Pt/Au.
Immediately before mounting, the Ti/Pt/Au-coated mount is given a quick clean to remove
any dust. A freshly cleaved sample is mounted on the copper mount using indium solder.
Indium was selected since it has a coefficient of thermal expansion that closely matches
that of copper. The laser chip is gently pressed down using a fine probe tip so as not to
damage the metal stripes. After the mounted sample has cooled, the mount is placed on a
gold-coated thermo-electric cooler, ready for testing.
2.5 Characterization of Devices
Fully fabricated quantum well devices and the quantum dot devices were tested under Con-
tinuous Wave (CW) operation as well as pulsed operation. Figure 2-15 is a block diagram of
the CW/pulsed setup. In the CW mode of operation, the laser output is relatively constant
with respect to time and population inversion is achieved by a steady injection of current
from the laser driver. Current is fed to the stripes through a probe and an optical multi-
meter measures the output optical power. The optical multimeter is a broad-area detector,
which measures the optical power using a InGaAs photodetector. The CW driver that was
used had a compliance voltage of 7 V and a maximum drive current of 500 mA. For currents
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Figure 2-15: Schematic of the continuous wave (CW) or pulsed laser testing setup..
above 500 mA, the pulsed driver had to be used. In the pulsed mode, the output of the laser
varies with respect to time in an on-off manner in the form of a square wave. An InGaAs
photodiode connected to a lock-in amplifier was used for pulsed operation measurements
instead of the optical multimeter, which was used in CW mode. This was because the
multimeter was unable to resolve the 10% duty cycle signal from the devices. The pulsed
driver had a compliance voltage of 10 V and a maximum current of 1000 mA.
CW lasing was observed from the VA96 quantum well laser samples under continuous
and pulsed operation. Figure 2-16 shows representative room temperature Light-current
(L-I ) characteristics of an as-cleaved 2mm-long quantum well laser with 3 pm-wide ridges.
The results show a modest threshold current of Ith = 110 mA, a maximum CW power of
13 mW at 600 mA and a maximum pulsed power of 25 mW at 1200 mA . However, a slope
efficiency of only 0.03 mW/mA was measured. This was likely due to excessive optical losses
due to electron leakage over the thin p-cladding layer, or low internal quantum efficiency
arising from the gain material.
Neither CW nor pulsed lasing was demonstrated from the VA117 QD laser devices.
Figure 2-17 shows the amplified spontaneous emission (ASE) spectrum at T = 150C from
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Figure 2-16: (a) Light versus current (LI) room temperature measurements of VA96 4-layer
QW lasers with lateral ridge width of 3 im. Lasers are 2mm-long as cleaved bars operating
under CW and pulsed operation at 10% duty cycle. Results show Ith of 110mA and a slope
efficiency of 0.03mW/mA. (b) The lasing exhibited emission at A, = 1655nm.
as-cleaved 1mm-long lasers of widths 6, 12 and 30 tm. The samples were cooled so as to
mitigate heating effects during CW operation. While Figure 2-18 shows a distinct sea of
comparably sized quantum dots, one possible reasons why lasing was not observed from the
QD lasers is that the InAs QD density was not high enough to yield the gain required for
lasing. Typically, QD densities for laser operation are on the order of 1010 dots/cm 2 . The
AFM image in Figure 2-18, which is a representative of InAs QDs on InGaAsP indicates a
QD density on the order of 109 dots/cm2. Another possible reason is due to excessive prop-
agation of the optical mode into the p-cladding layerl, resulting in free carrier absorption.
The optical loss induced may be enough to balance or supersede any of the gain resulting
the quantum dots.
2.6 Future Work
The work that was presented on the heterostructure quantum well and quantum dot lasers
has paved the way for future exploration of these and other active devices. The fabrication
process that was developed and presented in this work will be useful in the future to fabricate
lasers with active regions of various dimensionalities. The characterization setup will also
'The absorption co-efficient for p-doped cladding layers has been found to be much larger than that for
n-doped cladding layer[34] at the same doping concentration.
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Figure 2-17: Amplified Spontaneous Emission from VA1 17, a 4-layer QD laser structure
operating under CW at an injection current I=500 mA and cooled to T=15'C. The 1mm-
long as cleaved lasers had lateral cavity widths of 6pm, 12pm and 30pm.
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Figure 2-18: AFM image of uncapped InAs quantum dots grown on InGaAsP under the
same conditions as the QDs in the laser structures.
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be useful in measuring the L-I, V-I as well as emission spectra from future chip lasers.
In order to improve the performance of the QW and QD lasers, increasing the p-cladding
thickness would help to reduce optical losses due to leakage current. On a purely material
level, the main causes of degradation in the active region are dependent on the crystal struc-
ture, as well as on the quality of material used for optical gain. In particular, dislocations
along the [100] direction can grow as a result of interstitial atoms or the presence of vacancy
point defects, leading to degradation of the laser device. Future work will explore improving
the material quality of the laser structure, particularly in the active region so as to enhance
the quantum efficiency of the gain medium. Furthermore, in order to increase the gain in
the QD devices, QD densities should be increased. This is particularly challenging in the
case of InAs quantum dots on low lattice-mismatched InP substrates versus, for example,
InAs dots on relatively high lattice-mismatched GaAs substrates. The lattice mismatch
between dot material and the substrate creates strain which facilitates dot nucleation.
2.7 Conclusion
Quantum well and quantum dot lasers designed to emit at A=1550nm have been fabricated
and characterized. Continuous wave lasing has been observed in the quantum well devices,
while amplified spontaneous emission is observed in the quantum dot devices. The low
quantum efficiency of the quantum well lasers as well as the ASE of the quantum dot
lasers suggests that improvements have to be made to the laser design that will confine
the lasing mode to the QD active region and away from the doped p-cladding layers, where
optical losses due to free-carrier absorption are significant. Additionally, the current density
of quantum dots may not be sufficient to counteract losses in the laser cavity. At this
time, neither the quantum well nor the quantum dots active region meet the performance
requirements of the all-optical logic gate. Efforts are being made to optimize both active
regions, as well as the design of the laser structures.
Chapter 3
Saturable Bragg Reflectors for
Ultra Short Pulse Generation
3.1 Motivations
3.1.1 Generation fo Ultrashort Pulses
The research that is presented in this and subsequent chapters focuses on the development
of large area Saturable Bragg Reflectors (SBRs) for the generation of ultra-short pulses.
An SBR is a structure that consists of an intensity-dependent absorber that is integrated
onto a Distributed Bragg Reflector (DBR). A DBR, which is a 1D periodic structure that
is equivalent to a ID photonic crystal, consists of an alternating sequence of layers of two
different optical materials, whereby each optical layer thickness corresponds to one quarter
of the optical wavelength for which the reflector is designed.
Ultra-short light pulses on the order of picoseconds to femtoseconds (10-12 to 10-15
seconds) have widespread applications in the areas of industrial material micro-machinery,
medical diagnostics and treatment, as well as scientific research. One medical application
is in the development of Optical Coherence Tomography (OCT) systems, which have been
able to produce images of biological tissue with sub-micron resolution as a result of using
ultra-short pulsed light sources [35]. The femtosecond laser has also been at the forefront in
the quest to improve the precision and success of corneal surgery [36]. With the potential
of being the ultimate incision tool, the possibilities for cut patterns with increased stability
and less damage to surrounding tissue seem limitless.
Pulses are not the automatic output of a laser system. A laser can emit short pulses if all
the longitudinal modes that are generated by the laser cavity are locked in phase with each
other. Barring a mechanism for mode-locking, a laser emits a steady stream of modes that
are out of phase and the laser operates in the continuous wave (CW) mode. Mode-locking
is achieved by a number of ways that can be either passive or active. The prevailing method
for ultra- short pulse generation has been via Kerr-Lens Mode-locking (KLM) [37, 38]. The
challenges of this passive mode-locking method include the difficulty of self-starting the
pulses from continuous-wave operation. Additionally, critical cavity alignment close to the
cavity stability limit is required in order to obtain stable pulse generation, making this
mechanism particularly sensitive to environmental fluctuations.
If instead, a saturable absorber that is monolithically integrated onto a mirror replaces
one of the mirrors of the conventional laser cavity, the challenges that are mentioned with
KLM can be addressed. The distinct advantages of using a saturable absorber include self-
starting mode-locking and immunity of the pulsed mode from environmental fluctuations.
A saturable absorber is a semiconductor that absorbs photons according to its energy band
gap and initiates mode-locking by introducing an intensity-dependent loss into the laser
cavity. The saturable absorber does so by selectively absorbing low-intensity light while
transmitting light that is at a sufficiently high intensity. In order for the saturable absorber
and the mirror to effectively initiate mode-locking, they both must be capable of handling
the wide bandwidth associated with the ultra-short pulses. A Bragg mirror's reflectivity
bandwidth corresponds to the photonic band gap of the periodic structure. As the in-
dex contrast between the layers increases, the photonic band gap widens, hence the high
reflectivity bandwidth of the mirror increases.
This thesis focuses on the design, fabrication and testing of high index contrast large
area SBR structures. The process that is at the core of this endeavor is the stable conversion
of epitaxial layers to oxide via steam oxidation. A physical model of the oxidation process
of these structures will be presented. The discussion will also include the effect of absorber
strain on the oxidation process as well as the effect of oxidation on the absorber. Because
different SBR epitaxial structures are designed to mode-lock different wavelength lasers, the
oxidation processes needs to be optimized so as to minimize non-saturable losses for the
different SBR structures.
3.1.2 A Survey of Competing Technologies
Recently, a number of new saturable absorbers have emerged for passive mode-locking of
fiber and solid state lasers. Some of these new materials, such as Carbon Nanotubes (CNTs)
and Graphene, boast of a much wider bandwidth of operation, quicker recovery time, and
are more efficient at providing shorter pulses and higher pulse energies than traditionally
used semiconductor-based mode-locking materials. Several significant challenges remain for
absorbers based on CNTs and Graphene, including their long-term stability and reliability
[39, 40]. The following section will present some of pros and cons of these competing mode-
locking technologies.
3.1.2.1 Single-Walled Carbon Nanotubes
Passive mode locking of fiber lasers with single-walled carbon nanotubes (SWCNTs) has
attracted considerable attention with advantages such as ultrafast recovery time, a large
saturable absorption, high optical damage threshold, ease and low cost of fabrication. A
SWCNT is a direct band gap material with a band gap that depends on the chirality,
as well as the diameter of the nanotube, whereby the former is not easy to control [41].
The broadband SWCNT saturable absorber suffers intrinsic drawbacks: SWCNTs with a
certain diameter only contribute to the saturable absorption of a particular wavelength of
light, making it necessary to mix SWCNTs with different diameters in order to achieve
broadband absorption. However, during the synthesis of nanotubes of various diameters,
SWCNTs tend to form unavoidable bundles and amorphous Carbon clusters that end up
as scattering sites. Therefore, the co-existence of SWCNTs with different diameters intro-
duces non-saturable losses, making mode-locking difficult to achieve. Despite the above
hindrances, a broadly tunable erbium-doped fiber laser mode-locked with SWCNTs has
been experimentally demonstrated [42]. Bulk solid-state laser mode-locking has also been
demonstrated at various center wavelengths and tunability of up to 45nm at a center wave-
length of 800nm [43, 44, 45, 46, 47].
SWCNTs are synthesized by Arc-discharge and High Pressure Carbon Monoxide Con-
version (HiPCO)[48]. Upon fabrication, SWCNTs of different diameters are mixed with
host materials such as poly methyl methacrylate (PMMA) or polyvinyl alcohol (PVA) and
deposited on substrates by spin-coating to form SWCNT/polymer dispersion films. The
absorption and therefore modulation depth can be controlled by changing the SWCNT
concentration in solution or by adjusting the spin speed for layer thickness.
While SWCNTs have been hailed as the strongest, stiffest and toughest material with
the best thermal and electrical conductive properties known, their potential in optics is
yet to be realized because of the fundamental limitations in the reproducibility of their
fabrication [42, 49]. Cited as a significant source of non-saturable loss is the tendency of
settling/clustering due to strong Van-der-Waals attraction during deposition [50]. There
appears to be too much variability from one deposition run to another, as well as across
samples synthesized in the same batch. At their core, CNTs are carbon particles with a
graphitic micro-structure, but so are most impurities, making it especially challenging to
analyze and control film purity and device quality [51]. As such, various characterization
techniques are required to distinguish between CNTs and impurities and to determine the
quality and properties of the nanotubes in the sample. The most common of these inspec-
tion techniques include Electron microscopy (transmission (TEM) and scanning (SEM)),
Raman Spectroscopy, thermal analysis and absorption spectroscopy. While useful in char-
acterizing CNTs, there are limitations in the data that is generated by all these methods.
For example, electron microscopy is essential because it is the only tool that enables the
direct observation of shape, size and structure of these nano-materials. However, the imag-
ing is not quantitative as the material is not homogenous through an entire batch, or even
sample [52]. There is no way to homogenize a sample down to the nanometer scale that is
required for TEM imaging. One would need statistical tools to analyze potentially countless
images. Furthermore, sample preparation can impact variability. On the other hand, purity
measurements can be carried out using UV-Vis-NIR absorption spectroscopy [52] but these
measurements are only relative to a known standard; absolute purity measurements would
require a 100% pure reference. Thus no single technique can give a satisfactory description
of the SWCNTs. This may limit the optimization of a CNT fabrication process.
This is one of the reasons why it may take years before CNTs replace the semiconductor
SBR as the material of choice for passive mode-locking of laser systems. There is too much
variability in the synthesis process at this time. One of the selling points of SWCNTs that
has been used to challenge the more established semiconductor-based saturable absorber
has been on the cost and ease of fabrication. While it may be true that spin-casting and
epitaxial growth are distinctly different in terms of complexity and cost per run, the lack
of control and reproducibility of the fabrication process is a big trade-off.
3.1.2.2 Graphene
Graphene-based saturable absorbers (GSA) have attracted great attention for ultrafast pulse
generation, due to their unique properties such as sub-picosecond recovery time, broadband
operation, low saturation intensity, easy fabrication and integration. By employing the
evanescent field interaction of light [53], the damage that is caused by high fluences can be
avoided, enabling the generation of high energy pulses. In particular, GSAs are attractive
because they do not require band gap engineering due to the linear band dispersions [54].
Since the first demonstration of graphene mode-locking by Hassan et al [55], most efforts on
GSAs have focussed on fiber laser mode-locking [56, 57, 58], while fewer groups have reported
graphene saturable absorbers being used in solid-state lasers. One possible explanation for
this disparity is that most fiber lasers operate with high gain despite high cavity losses,
making fiber lasers more immune to the non-saturable losses that may be introduced by
the saturable absorber [59]. Implementation of GSAs in low-loss tolerant solid-state lasers
would require a reduction of non-saturable losses.
Graphene is a single-atom structure of sp 2-bonded allotropes of Carbon atoms. Graphene
is a zero band gap material, making it highly favorable for mode-locking as it readily satu-
rates at low optical fluences and mode-locking is not limited by the band gap of the graphene
absorber. Therefore, graphene is expected to offer broad saturable absorption that is inde-
pendent of the wavelength of the incident laser signal. Graphene as a saturable absorber
has mostly been used as a mode-locking component by introducing the graphene film into
a fiber laser cavity. The graphene saturable absorber is typically integrated into the laser
cavity by placing layers of free-standing graphene onto the end facet of a fiber pigtail. The
graphene layers are held in place by Van-der-Waals forces. Details on the graphene prepa-
ration and graphene saturable absorber characterization are reported in depth in [60]. In
addition, graphene can be encapsulated in a polymer host for passivation from ambient
oxygen, preventing photo-induced oxidation by the high energy density pulses. More re-
cently, mode-locking of solid-state lasers has also been reported [56]. Researchers claim that
due to their mechanical 2D structure, GSAs are expected to exhibit generally lower non-
saturable losses and thus a higher optical damage threshold compared to SWCNTs [53].
However, non-saturable losses remain at par with those based on carbon nanotubes. To
overcome non-saturable losses, the challenge seems to lie in the improvement of the synthe-
sis of graphene and beyond that, to the issues concerning long-term device durability and
robustness in a laser cavity. As such, extensive efforts continue to be devoted to developing
GSAs with different fabrication methods [56, 60, 58, 61, 62].
3.1.3 Pulsing with a Saturable Absorber Mirror
An ultrashort pulse of light is an optical pulse whose time duration in the femtosecond
(10-15) to picosecond (10-12) range. Such pulses have a broadband optical spectrum, and
can be created by mode-locked oscillators. The basis of the mode-locking technique is to in-
duce a fixed phase relationship between the longitudinal modes of a laser's resonant cavity.
A laser is said to be mode-locked when all the longitudinal modes interfere constructively
to produce a steady train of pulses. The pulses are characterized by high peak intensities,
a property that usually leads to nonlinear interactions in various materials, including semi-
conductors. These processes are widely studied in the field of nonlinear optics [63]. Only
the longitudinal modes similar to those in a Fabry-Perot resonator (Figure 3-1) are involved
in this mode-locking phenomenon. Transverse modes are avoided, as they would disrupt
the beam profile. For simplicity, only one polarization of the field is typically considered,
even though for some mode-locked lasers polarization dynamics are important. The task of
mode-locking involves all of the longitudinal modes lasing in a phase-synchronous fashion,
so that the superposition of all modes creates a pulse with a spatial extent much shorter
than the cavity and propagating at a group velocity corresponding to the center frequency
of the pulse.
3.1.3.1 Active Mode-locking
Active mode locking was first investigated in 1970 by Kuizenga and Siegman [64] using
Gaussian pulse analyses. Later in 1975, Haus [65] introduced a master equation approach
that took all effects into account; the linear ones including loss, dispersion, gain and gain
dispersion, as well as the nonlinear ones such as saturable absorption and self-phase modu-
lation. Haus' technique of mode-locking involved the periodic modulation of the resonator
losses or of the round-trip phase change. The periodic loss modulation can be achieved by
introducing a loss modulator into the laser cavity as shown in Figure 3-2(a). Examples of
components that can periodically vary the intra-cavity loss include an acousto-optic mod-
cavity length
Figure 3-1: Fabry-Perot Resonator
ulator, a MachZehnder integrated-optic modulator, or a semiconductor electro-absorption
modulator. If the modulation is synchronized with the resonator round trips, pulses are
generated.
The principle of active mode-locking by modulation of resonator losses can be understood
as follows: a pulse with the correct timing can pass the modulator at times where the losses
are at a minimum [Figure 3-2(b)]. The peak of the pulse experiences a net gain while the
wings of the pulse experience a small attenuation, which effectively leads to slight pulse
shortening in each round trip, until this pulse shortening is offset by other effects (e.g. gain
narrowing) which tend to broaden the pulse.
In simple cases, the pulse duration that is achieved in the steady state can be calculated
with the Kuizenga-Siegman theory [64]. The pulse duration is typically in the picosecond
range and is only weakly dependent on parameters such as the strength of the modulator
signal. This weak dependence arises from the fact that the pulse-shortening effect of the
modulator becomes less effective for shorter pulse durations, whereas other effects which
lengthen the pulse (e.g. chromatic dispersion) then become more effective.
While active mode-locking can be the natural solution when the pulse trains are re-
quired to be synchronized with some electronic signal, or when many lasers are needed to
operate in synchrony, the disadvantage of active mode-locking is the need for an external
optical modulator, an electronic driver and in most cases, a means for synchronization.
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Figure 3-2: (a) Schematic setup of an actively mode-locked laser [66]. (b) Temporal evo-
lution of optical power and losses in an actively mode-locked laser. The modulator causes
increased losses for the pulse wings, effectively shortening the pulses. As the pulse duration
relative to the pulse period is typically much smaller than shown, the pulse-shortening effect
of the modulator is usually very weak [67].
Furthermore, active mode-locking typically generates longer pulses compared with passive
mode-locking for reasons that will be briefly mentioned in the following section.
3.1.3.2 Passive Mode-locking
Passive mode locking can be achieved by incorporating a saturable absorber with suitable
properties into the laser resonator [Figure 3-3(a)]. The width of the pulses generated in an
actively mode-locked laser is inversely proportional to the fourth root of the curvature of the
loss modulation i.e. the rate at which the loss is modulated. As such, active mode-locking
is limited by the speed of the ancillary electronic signal generators. If on the other hand,
the pulse itself were to induce loss modulation, the rate of change of the loss modulation is
no longer limited by the speed of the electronics and can become quite large. Consequently,
the net gain window that is created by the pulse can become as short as the width of the
pulse itself and as a result, passively mode-locked lasers can generate much shorter pulses
than actively mode-locked lasers [67].
Semiconductor absorbers have been around as long as solid-state lasers. The question
lies in how suitable a saturable absorber is for sustainable passive mode-locking [67]. Pas-
sive mode-locking mechanisms are well-explained by three models: slow saturable absorber
mode-locking with dynamic gain saturation [68], fast saturable mode-locking [69] and soliton
mode-locking [70, 71]. In the first two cases, a short net gain window forms and stabilizes
an ultrashort pulse. Depending on the ratio between the saturable absorber recovery time
and the final pulse width, the regimes of operation can be distinguished, as shown in Figure
3-3(b), which depicts the final steady state pulse formation process. In a solid state laser
with intracavity pulse energies much lower than the saturation energy of the gain medium,
gain saturation is assumed to be negligible.
As a result, a fast saturable absorber must be present that opens and closes the net
gain window that is generated by the pulse immediately before and after the pulse. This
mode-locking principle is called fast saturable absorber mode-locking, as shown in Figure
3-4(a).
Usually in semiconductor and dye lasers the intracavity pulse energy exceeds the satu-
ration energy of the gain medium, resulting in saturation of the gain medium. A short net
gain window can still be created, almost independent of the recovery time of the gain, if
an unpumped medium such as an absorber with a lower saturation energy than that of the
/ '
I-'
I -'
I -
I ~flI
I £
mirror + saturable absorber = SBR
Passive modelocking
VV
Pulse intensity
1(t)
Loss
Saturated gain
P. Time
HR
Figure 3-3: (a) Schematic setup of a passively mode-locked laser [66]. (b) Temporal evo-
lution of optical power and losses in a passively mode-locked laser with a fast saturable
absorber. The shorter the pulse becomes, the faster will be the loss modulation. The gain
stays approximately constant, as gain saturation is weak [67].
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gain medium is introduced into the laser cavity. This configuration can be implemented by
focussing the pulse more on the absorber medium than on the gain medium. The absorber
saturates or bleaches first and opens a net gain window, that is closed by the pulse itself by
later bleaching the gain medium (Figure 3-4(b)). This principle of mode-locking is called
slow-saturable absorber mode-locking.
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Figure 3-4: Pulse-shaping and stabilization mechanisms owing to gain and loss dynamics
in passively mode-locked lasers: (a) using only a fast saturable absorber; (b) using a com-
bination of gain and loss saturation; (c) using a saturable absorber with a finite relaxation
time and soliton formation [67].
In the third case [Figure 3-4(c)], termed soliton mode-locking, the pulse formation is
dominated by the balance of group velocity and self-phase modulation. The net gain window
has been shown to remain open for more than ten times longer than the ultrashort pulse,
depending on the laser parameters [70]. In this case, a slow absorber only initiates the
formation of the pulse and stabilizes the soliton. This case can be further understood as
follows. The soliton loses energy due to gain dispersion and losses in the cavity. This lost
energy, referred to as continuum in soliton perturbation theory [72], is initially contained in
a low intensity background pulse, which experiences negligible bandwidth broadening from
self-phase modulation (SPM), but spreads in time due to group velocity dispersion (GVD).
The continuum experiences a higher gain compared to the soliton, because it only sees the
gain at the line center 1, while the soliton sees an effectively lower average gain due to its
'The center wavelength of the laser.
larger bandwidth. After a sufficient build-up time, the soliton will begin to grow until it
reaches an effective lasing threshold, a process which also destabilizes the soliton. However,
by introducing a slow absorber i.e. an absorber with a recovery time much longer than the
width of the soliton, the pulse can be stabilized, thereby mode-locking the laser.
3.1.4 Absorber Design Overview
When choosing an appropriate absorber for a laser system, III-V semiconductors offer a
convenient solution. A III-V semiconductor is a semiconductor composed of a combination
of column III and column V elements of the periodic table. Through various combinations of
these elements, a whole range of semiconductor materials with varying properties becomes
available. These materials are typically grown using techniques such as Molecular Beam
Epitaxy (MBE), Metal-Oxide Vapor Phase Epitaxy (MOVPE) or Metal-Organic Chemical
Vapor Deposition (MOCVD), all of which allow for different growth options, which have a
direct influence on the material properties of the saturable absorbers.
Examples of two-element binary III-Vs include GaAs, InP or AlAs. Common ternary
III-Vs include InGaAs or AlGaAs while quaternaries include InGaAlP, AlInGaAs or In-
GaAsP. The properties of each of these materials vary with composition and the specific
growth conditions and can be tailored for the characteristics that are desired for saturable
absorption.
The wavelength at which the saturable absorber starts to absorb is one of the most im-
portant properties. The band gap versus lattice constant diagram for GaAs and InP-based
saturable absorbers [Figure 3-5] provides a quick reference for choosing the appropriate
materials. The diagram relates the band gap and therefore the absorption energy to the
lattice constant for commonly-used III-V alloys. For example, in the case of GaAs-based
SBRs, depending on the material composition, an InGaAs absorber can have an absorption
wavelength of 1300pm or 1550pm, suitable for telecommunication applications. An AlGaAs
absorber on the other hand can be used to generate pulses in the shorter wavelength range
e.g. 750nm. Generally, the band gap of the saturable absorber is chosen with respect to
the gain spectrum of the laser system that is to be mode-locked. The material composition
of the absorber is typically chosen such that the absorber's band gap coincides with the
wavelength of maximum gain. The material composition can also be chosen such that the
entire gain spectrum has a higher energy than the band gap of the absorber. The absorbers
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Figure 3-5: Band gap energy and lattice constants of various III-V semiconductors at room
temperature [adapted from www.ulp.ethz.ch].
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considered in this work generally absorb a significant part of the laser wavelength spectrum.
Absorber loss is also a key parameter. There are two types of losses the absorber can
introduce into the cavity: a) saturable loss and b) non-saturable loss. The saturable loss,
also referred to as modulation depth, is the loss introduced by the absorbing action in order
to initiate the mode-locking process. The magnitude of the saturable loss is controlled by
a number of ways including varying the thickness of the absorber layer or by varying the
number of quantum wells that make up the absorber section. Figure 3-7 shows the typical
saturation behavior in the absorber.
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Figure 3-6: Time-averaged reflectivity of an SBR as a function of fluence [73].
For low energy densities, the absorber still has the capacity to absorb a large amount
of the incident light since the absorber is still barely bleached i.e. at Continuous Wave
(CW) mode energy intensities, while the energy density is still less that the energy density
needed to saturate the absorber, I<<Isat, and the electronic energy states in the valence
band are not fully depleted. If the energy states were fully bleached at CW intensities,
there would be insufficient further absorption to drive the pulse formation process. Thus
for low energy densities, the reflectivity from the saturable absorber mirror is low. As the
energy density increases, the absorber begins to saturate as the valence band energy states
become depleted of carriers. As a result, with a lower proportion of absorbed photons, the
total reflectivity of the the saturable absorber mirror increases. Eventually the absorber
will become fully saturated at the energy density known as the "saturation fluence". At
this point, the saturable loss of the absorber equals the difference between the unsaturated
and fully saturated reflectivities. The saturable fluence can be influenced by the placement
of the absorber with respect to the standing wave electric field within the laser cavity. If the
absorber is placed at the peak of the field pattern then the energy density that is required
to reach full saturation can be minimized. After the SBR structure has been grown, the
saturation fluence of the absorber material becomes a fixed property of the absorber, unless
modified such as with proton bombardment whereby defects are introduced to reduce the
absorber's recovery time. However, the area of the incident mode can vary by using various
focussing lenses, thereby adjusting the incident pulse energy hitting the saturable absorber.
The ability to adjust the incident pulse energy is necessary to fulfill the conditions of mode-
locking.
The basic design criteria for a saturable absorber consists of the saturation intensity 'sat
and saturation fluence Esat, which have been shown to influence the initial mode-locking
and the pulse stability with respect to Q-switching instabilities, in which intracavity pulse
energy undergo large oscillations, leading to substantial fluctuations of the pulse parameters;
an undesirable situation. In addition, the recovery time, TA, of the absorber determines the
dominant mode-locking mechanism, which is either based on fast absorber mode-locking or
soliton mode-locking with a slow absorber as discussed previously. When the recovery time
of the absorber is on the order of, or larger than, the laser's round trip time, the laser will
tend to operate in the pure CW-Q-switching regime (Figure 3-7). In addition, the non-
saturable losses of a saturable absorber need to be small, as only a small percentage of light
is coupled out of a CW mode-locked laser. As the non-saturable losses increase, the laser
becomes less efficient and operates less frequently above threshold. Increased non-saturable
losses also increase the tendency for instabilities such as Q-switched behavior.
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Figure 3-7: Non-linear reflectivity change of a saturable absorber mirror due to absorber
bleaching with (a) CW intensity and (b) short pulses. Isat is saturation intensity, Esat is
saturation fluence, I is the CW intensity and E, is the pulse energy incident on the absorber
[67].
3.2 Semiconductor-based Saturable Bragg Reflector Design
Overview
3.2.1 Broadband mirrors
The objective of this research is to design and fabricate broadband SBRs, which can be
used to self-start and mode-lock various laser systems. Each SBR is uniquely designed to
meet the mode-locking requirements of the laser cavity in which it would be incorporated.
Each SBR is uniquely designed for its center wavelength and loss tolerances of the laser
cavity. The goal is to design and fabricate the SBR structure that will not limit the pulse
width that is emitted by the laser. As such, a well-designed mirror must meet the following
requirements.
" The absorber is capable of being monolithically integrated with the Bragg mirror
stack.
" The absorber material absorption and loss are compatible with the laser system.
" The layer thicknesses of the Bragg mirror correspond to the center wavelength of the
laser system.
" The mirrors have low loss.
" The structure has an area that is large enough to mitigate the effects of two-photon
absorption (TPA), as well as allow ease of use in a laser cavity.
Semiconductor SBRs are layered structures consisting of a saturable absorber incorpo-
rated on a Bragg mirror as shown in Figure 3-8. An SBR structure consists of an absorber
region grown on top of a Distributed Bragg Reflector (DBR). A DBR is a structure that is
formed by growing multiple layers of alternating materials with varying index of refraction,
such that each layer boundary causes a partial reflection of an incident optical wave. For
wavelengths that correspond to four times the optical thickness of the layers, the many
reflections interfere constructively to create a highly reflective mirror. For the SBRs in this
work, the DBR section comprises of high index AlGai_,As layers and low index layers of
AlO Y, while the absorber section is typically InxGaixAs layers sandwiched by cladding
AlxGai_-As cladding layers. The absorber layer can vary in dimensionality from bulk layers
reflecting layers
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Figure 3-8: Schematic of a Saturable Bragg Reflector illustrating the cross section of the
structure.
to (multiple) quantum wells or quantum dots-the choice of which is determined by the loss
and modulation depth that is required by the laser system.
In particular, the band edge of a quantum well absorber can be manipulated by adjusting
the thickness of the quantum well layer or by varying the indium composition, thereby
determining the wavelength at which absorption will occur and whether or not mode-locking
of a particular laser is even possible. Increasing the indium content red shifts the absorption
of the absorber. However, as the indium content increases, the lattice mismatch between
the InzGai-,As and the GaAs substrate [Figure 3-5] also increases, and introduces strain
in the absorber layer. But this strain is not necessarily detrimental to the functionality of
the SBR. Because the SBR is an absorbing, rather than an emitting layer, the increased
density of misfit dislocations and point defects resulting from the lattice mismatch between
the absorber and the substrate can be tolerated and may even be desirable in increasing free
carrier trapping events thereby reducing the absorber recovery times. Another technique
that is used in reducing SBR recovery times from the nanosecond to the sub-picosecond
regime is the use of low temperature (LT) III-V growth, in which adatoms are not given
sufficient thermal energy to migrate on the growth surface in search of the most energetically
favorable incorporation sites. The consequence of the insufficient adatom thermal energy is
an increased tendency for the formation of points defects and dislocations in the absorber
layer, ultimately resulting in fast carrier trapping events. In the particular case of III-
V materials, point defects are formed due to an excess of group V atom incorporation
during growth [74]. The increased tendency for carrier trapping and consequently absorber
recovery time is good for use in ultrafast lasers. The tradeoff however is that non-saturable
losses may also increase with increased strain and/or decreased growth temperatures [75]
and this tradeoff will ultimately limit the maximum thickness of the absorber material,
which will limit the modulation depth of the absorber. However, the cladding layers which
surround the absorber can be designed to distribute the strain away from the absorbers,
therefore reducing the non-saturable losses while still reducing recovery times. For example,
the strain of an InGaAs absorber mismatched to GaAs can be distributed away from the
absorber interface by using InP cladding layers which then concentrates the strain at the
cladding/Bragg mirror interface as opposed to the absorber/cladding layer interface.
SBR layer thicknesses are determined by the center wavelength of the laser systems that
is to be mode-locked. The high and low index Bragg layers are typically quarter wavelength
thick A/(4n) where n is the refractive index of the material at the center wavelength. The
thickness of the absorber section, including the absorber and the cladding layers is typically
A/(2n) thick, where the absorber thickness is determined by the desired modulation depth.
The position of the saturable absorber within the cladding layers is adjusted with respect to
the standing wave intensity pattern to control the effective saturation fluence, or to partially
compensate for band gap-induced wavelength dependences.
Additional coatings on top of the absorber section can enhance the performance of
the SBR. An anti-reflective mirror that is deposited on the top surface of the structure
can improve coupling to the SBR. This top reflector, which can be a dielectric mirror, is
an adjustable parameter that can enhance the field intensity in saturable absorber and,
therefore, the effective saturation intensity or absorber cross section area that is needed
for mode-locking. Coatings such as SiO 2 /TiO 2 are commonly used to create such resonant
layers.
3.2.2 SBR Fabrication Process Overview
The fabrication process for SBR devices is depicted in Figure 3-9. The epitaxial structures
that are used in this thesis are grown by Molecular Beam Epitaxy (MBE) on GaAs (100)
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3-9: Overview of the fabrication of saturable Bragg reflectors with the major process
substrates. The first layers that are grown on the substrate are the Bragg mirror layers,
which comprise of AlxGaiAs/AlAs, where typically x < 0.2. The absorber and cladding
layers are then grown on top of the mirror layers. Typically, the Bragg reflector and absorber
section are grown during the same run, however some groups have grown the two sections
in separate runs, in which case the top AlAs layer has to be capped with an extra GaAs
layer to reduce oxidation effects before regrowth. The growth temperatures of the GaAs
and Al2Ga1_2As layers was approximately 600'C. The growth rate is determined by the
desired Al content but can range from 0.4pm/hr with to 1.5pm/hr for AlAs and GaAs
respectively.
After epitaxial growth, the SBR structures are patterned using photolithography and
subsequently etched to expose the edges of the AlAs layers that are to be oxidized. Prior
to spinning the photoresist, the samples are rinsed with acetone/methanol/isopropanol to
GaAs
remove any organics, and then dried with nitrogen gas. The samples are then baked on a
hotplate at 100'C to evaporate any residual water or solvent left on the wafer surface so
as to enhance resist adhesion. A Clariant@ photoresist, AZ5214, was spun at 4000 rpm
for 40 seconds to yield a resist thickness of about 1.5 pm. Samples were then baked in a
convection oven at 95'C for 35 minutes. Resist features of 500 Pm diameter, as well as 10
pm holes with 150 pm center-to-center spacing were patterned using UV radiation. The
exposure time was about 15 seconds at an intensity of ~22 mW/cm2 . Upon exposure, the
resist was then developed using AZ422 for 90 -100 seconds, followed by a rinse in deionized
water.
Mesa Geometry 1: Circular mesas Mesa Geometry Il: Inverted mesas
Substrate Substrate
Figure 3-10: Circular and inverted mesa layout.
At this point of the fabrication process, the samples either have 500 pm circular mesas
of resist or 8pm apertures in the resist, as depicted in Figure 3-10. Using the photoresist
as a mask, the pattern is transferred into the semiconductor using a wet etch comprising
of H2SO 4:H20 2:H20 in a 1:8:40 ratio, respectively. With this etchant, all of the composite
layers: AlGaiAs, AlAs, GaAs, as well as the thin InAs absorber(s) are conveniently
etched in a single etch step, even though they each etch at slightly different composition-
dependent rates. Another advantage of wet etching, other than the ease of it, is that since
this etchant is very dilute, the photoresist is not degraded, despite not being hard baked
to cross link the resist further before the etch. The duration of the etch and ultimately,
the etch depth, depends on the thickness of the SBR stack; the layer thickness scales with
the desired center wavelength. After the mesas are etched, the photoresist is removed with
an organic solvent called N-Methylpyrrolidone (NMP). The samples are immersed in 130'C
NMP for 35 mins so as to ensure complete resist removal. The samples are then rinsed in
acetone/methanol/isopropanol, at which point they are ready for the next step: thermal
oxidation.
Since reaction initiation can be sensitive to the surface condition, the oxidation is per-
formed as soon as possible after exposing the AlAs layers with the mesa etch. Upon stripping
the resist using heated N-Methyl-2-pyrrolidone (NMP), the sample is immediately placed
in the oxidation furnace, where the exposed AlAs layers are converted to AlOY through
the lateral oxidation process depicted in Figure 3-11.
A simplified schematic of the apparatus for performing the wet oxidation is shown in
Figure 3-12. The oxidation setup consists of a water bubbler, flow meters controlling the
nitrogen flow and a quartz tube furnace. Oxidation was carried out at 420-450 C using a
80-85 C water bath and a N2 flow rate of 2 1pm in a 2-inch diameter single-zone furnace.
As a result, the oxidation process had to be very carefully calibrated for sample position in
the furnace.
Water vapor is carried by N2 that is bubbled through 80-85'C water. The water temper-
ature determines the equilibrium vapor pressure of the water in the flowing gas and therefore
the vapor concentration at the sample in the furnace. Heating the vapor lines, especially
the inlet to the furnace avoids condensation in transit to the reaction zone. Because the ox-
idation process typically lasts several hours, siphons slowly replenish the evaporated water
in both the Erlenmeyer flask and the water bath in order to maintain water levels sufficient
enough to sustain oxidation. The oxidation process is highly temperature dependent, so
calibrations for sample positioning in the furnace must be carried out in order to achieve
good process control. Furthermore, the temperature should be monitored throughout the
oxidation process. Generally, the sample is placed in the central zone of the furnace. This
allows for the flowing vapor to pass through a hot zone before actually reaching the sample;
that way the sample is not inadvertently cooled by a cold oxidant.
Samples are inserted into the reaction zone by sliding the quartz boat holding the sam-
1. Resist-patterned samples etched to expose the
AlAs layers
2. Samples are placed in the centre of a tube furnace.
Water vapour entrained in N2 gas is supplied via a
bubbler at 85'C. Oxidation begins at the edge and
proceeds laterally.
3. Samples are removed from furnace upon the
completion of oxidation.
Figure 3-11: Schematic showing the lateral oxidation of the low index AlAs layers to form
Al2OY using H 20 vapor.
ples into the calibrated position in the center of the furnace. Temperature equilibration is
fairly rapid but even so, a few minutes are required to achieve thermal stability. The fur-
nace used in this work idles at 100'C. For the oxidation process, the temperature is allowed
to gradually ramp from 1000 C to Too over about an hour, after which the temperature
stabilizes at the set point for the set time using a PID temperature control loop. At the
end of the process, the temperature is allowed to ramp back down to 100'C, after which
the samples are removed from the furnace. For a deeper discussion about the benefits of
the temperature ramps before and after oxidation, please refer to Tandon [66].
The high flow rates and tube dimensions typically used in wet oxidations result in the
development of a steady parabolic flow-velocity profile across the diameter of the tube as
in Figure 3-13. A virtually zero flow rate at the tube wall and a maximum flow at the
tube center is expected. Such a profile would suggest a non-uniform reaction rate across a
N2
2.2 1/min
N2+
bubbler quartz tube furnace byproducts
N2+H20(g)'
sample
H20
85*C
Figure 3-12: Schematic of oxidation setup showing sample location within furnace, the
direction of steam flow and water supply lines.
large wafer due to the variation in the effective vapor concentration. In other words, for a
particular water temperature, wafer temperature and tube radius, the rate is expected to
increase as the sample becomes more distant from the furnace wall, then plateaus over a
region where a sufficient flow rate is exceeded.
The gas flow dynamics of the oxidation furnace were investigated. The samples that
were oxidized in this investigation, and in fact throughout this work, were slightly elevated
towards the central axis of the tube furnace where the flow rate is at or near a maximum.
The elevation is due to the fact that the width of the carrier boat in which the samples
sit during oxidation is just under 2 inches - the diameter of the oxidation furnace. A test
oxidation on a silicon sample was carried out, whereby the silicon sample had a width just
under the diameter of the furnace. After oxidation, the thickness of the silicon dioxide
was measured across the width of the sample using spectroscopic ellipsometry. The oxide
thickness did not vary more than 10 nm across ~2 inches, which was good indication that
the boat was sitting well within the central flow region and away from the furnace walls,
where the flow rate is at a minimum.
flow
Figure 3-13: Parabolic gas flow velocity profile.
During the oxidation process, AlAs is converted to a stable oxide whereby the marked
difference in refractive index (3.3 vs 1.6) makes it easy to observe the lateral extent of
oxidation under a Nomarski optical microscope. Partial oxidation is detected as a color
gradient between the oxidized and the unoxidized regions. Once the samples have been
fully oxidized, a number of tools were used to measure the extent of oxidation and to
analyze the optical characteristics of the oxidized structures. The analysis tools included
the following:
" Inspection of the extent of oxidation using the color gradient observed under a No-
marski microscope.
" Cross-sectional inspection using Scanning Electron Microscopy (SEM).
" Plan-View inspection of surface roughness using a Differential Interference Contrast
(DIC) microscope.
" Surface Profile Analysis to measure surface roughness.
" High Resolution X-ray diffraction to determine changes in the relaxation of the sat-
urable absorber.
" Reflectance, film thickness and refractive index characterization using spectroscopic
reflectometry.
" Reflectance characterization using Micro-Fourier Transform Infrared spectroscopy (FTIR).
" Absorber dynamic response using pump-probe analysis.
" Performance characterization via ability to mode-lock CW laser system.
The results and conclusions drawn from these measurement techniques will be discussed
in subsequent chapters.
3.2.3 Large-scale oxidation for large-area SBRs
The SBR structures in this work are made up of alternating layers of GaAs and AlAs. The
SBRs are large area structures comprising of 50 0pm circular mesas as well as 150pm center-
to-center 8 pum apertures. As mentioned in the previous section, the mesas are oxidized,
thereby converting AlAs to AlXOy. The result is the creation of a large-area broadband high
index contrast GaAs/Al0,O dielectric mirror stack. Large-scale conversion of semiconductor
AlAs to oxide does not happen without its challenges. During oxidation, these structures
can suffer from severe delamination. Figure 3-14(a) shows the delamination of mesas after
an oxidation at 4500 C for 5 hours. Figure 3-14(b) shows the cross-section of the structure,
showing that delamination occurs at the oxide/semiconductor interface.
Figure 3-14: (a) DIC image of a AlAs/GaAs DBR stack fully oxidized at 450' C for 5 hours
with severe delamination shown to originate in (b) from the oxide/semiconductor interface.
The AlOy/ GaAs interface is weak and under sub-optimal conditions such as extremely
high oxidation temperatures or oxidation times well beyond the time needed to fully oxidize
a mesa, the upper layers of the structure can delaminate from the oxide. In agreement
with previous studies [66], the results from this work have shown that AlAs contracts by
approximately 13% during oxidation. With an already weak oxide/semiconductor interface,
the volume contraction only exacerbates the strain at the interface, increasing the likelihood
of delamination. Delamination can be mitigated by lowering the oxidation temperature.
Figure 3-15 shows the same mesas as in Figure 3-14 that was oxidized at 4200 C, instead
for the same length of time. While there is less delamination, the trade off is that longer
oxidation times are required to completely oxidize the mesa. This observation indicates
that delamination is thermally-activated.
Figure 3-15: DIC image of a fully oxidized AlAs/GaAs DBR stack at 420' C for 5 hours
without delamination.
3.2.3.1 Limitations of large area AlGaAs/Al2Oy mirrors
Reflectivity measurements using Fourier Transform Infrared spectroscopy were used to char-
acterize the reflectivity of fully oxidized DBRs and SBRs. Figure ?? contrasts the measured
reflectivity of a fully oxidized 7-pair GaAs/AlOy DBR stack and an unoxidized GaAs/AlAs
stack. Each GaAs/AlxOy layer boundary causes a partial reflection of the incident optical
wave. In the case of oxidized mirrors that comprise of quarter wavelength GaAs/AlxOY
layers, the constructive interference wave pattern results in a high reflectivity over a broad
bandwidth. The range of wavelengths that is reflected is known as the photonic stopband.
Light whose wavelength is within the photonic stopband can be reflected with up to 99%
reflectivity. FTIR spectroscopic analysis such as that shown in Figure ?? verifies the for-
mation of the high-index-contrast DBR, as indicated by the broad bandwidth stopband.
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Figure 3-16: Fourier Transform Infrared (FTIR) spectroscopy measurement of a DBR that
is designed to be centered at A = 1.55pm showing reflectivities before and after oxidation.
Several factors strongly influence the rate of oxidation including: Al composition, AlAs
layer thickness and geometry. In order to fully oxidize 500 pm-mesas, the mesas undergo a
fairly long oxidation process. Figure 3-17 indicates a slight blue shift from the middle to the
edge of the mesa. This can be understood if one considers that wet oxidation of GaAs also
occurs although at a much slower rate. While the oxidation front is progressing laterally,
into the AlAs layer, the oxidized layer is also growing vertically, albeit very slowly into the
neighboring GaAs layer, which oxidizes much slower than AlAs. For extended oxidation
times, oxidation continues to progress along the length of the AlAs layer but so does the
marginal vertical oxidation in the high index GaAs. The vertical oxidation front is expected
to progress farther near the mesa edge, where the GaAs has been exposed longer to the
oxidizing ambient. Oxidizing GaAs in turn reduces the thickness of the high index layer,
resulting in a sight blue shift towards the mesa edge as shown in Figure 3-17. In the end
however, oxidized mirrors have several 100 nm's of high reflectivity bandwidth such that
this slight blue shift from the edge to the center of a circular mesa should not influence the
widely tunable mode-locking abilities of the SBRs.
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Figure 3-17: Fourier Transform Infrared (FTIR) spectroscopy measurement of an oxidized
DBR centered at A = 2.5pm with the area of inspection going from the edge, middle and
center of an oxidized mesa. A slight blue shifted reflectance spectrum is observed towards
the edge of the mesa possibly due to oxidation, albeit marginal, of the high index GaAs
layer.
Another constraint of large area oxidation of AlAs is in the creation of the inverted
structures. In these structures, the point of entry of the oxidant are ~0 pm-wide holes,
after which the oxidant must diffuse through 150 pm to fully oxidize the AlAs layers.
Deceleration of the oxidation rate occurs in these inverted structures not only because the
oxidation process becomes increasingly diffusion-limited over time, but also because of the
geometry of the progression of the oxidation front. Effectively, a larger oxidizable surface
area is seen by the same amount of oxidant that is supplied at the gas/oxide interface
throughout the oxidation process. Oxidation will progress until it reaches an oxidation
depth beyond which the process becomes so diffusion-limited, that it barely progresses.
Figure 3-18(a) shows incomplete oxidation of an inverted structure oxidized at 425 C for
12 hours. Figure 3-18(b) shows the same layer structure oxidized also at 425'C but for 16
hours. As shown, only a marginal increment (A0o ~ 10pm) in oxidation depth is achieved
in the period of 4 hours. Following preliminary investigations into the factors that influence
oxidation in inverted structures, a mask was designed with center-to-center oxidant aperture
spacings as depicted in Figure 3-10 that would enable complete oxidation of the inverted
structures in a reasonable amount of time.
Figure 3-18: DIC images of preliminary attempts at fully oxidizing inverted DBR structures
oxidized at (a) 425'C for 12 hours and (b) 425'C for 16 hours. The oxidation depths were
measured to be 90pm and 98pm respectively.
Chapter 4
Wet Oxidation of AlAs for SBRs
4.1 Chemical Process
Water adsorbs dissociatively on Aluminum Arsenide (AlAs) above 100K to produce Alu-
minum Oxide (Al-O), Aluminum Hydroxide (Al-OH) and Arsine (As-H) species on the
AlAs surface. The following molecular reactions [76] are consistent with the results from
Raman spectroscopy [77 of the intermediate species created during the wet oxidation of
AlGailAs.
AG (kJ/mol)
at 425 'C
2AlAs + 3 H20(g)
2AlAs + 4 H20(g)
2AsH 3
2AsH 3 + 3H 20
As 203(l) + 3H 2
A12 0 3 + 2AsH 3
2A1O(OH) + 2AsH 3
2As + 3H2
2As 2O 3(I) + 6H 2
2As + 3 H2O(g)
2AlAs + 3H 2 0(9 )
2AlAs + 4 H20(g)
= A12 03+2As-+3H 2
= 2A10(OH) + 2As + 3H 2
-451
-404
-153
-22
-131
(4.1)
(4.2)
(4.3)
(4.4)
(4.5)
-604
-557
(4.6)
(4.7)
In wet oxidation, the hydrogen ion (H+) from the water vapor is the oxidizing agent for
Al. At an elevated temperature such as 425'C, all the above reactions have a negative Gibb's
free energy AG, which means that they will be favored and will release energy in the process.
In other words, these reactions are expected to occur spontaneously provided that they are
not constrained by a high activation potential energy barrier, Ea. At elevated temperatures
such as 425'C, highly toxic arsine (AsH 3), a gas under these conditions, further decomposes
to elemental arsenic (As) and hydrogen (H2) as in Equation 4.3. As a result, significant
amounts of AsH 3 are not detected during the wet oxidation process. Trace amounts of the
intermediate by-product, As 20 3 have been detected, but the elemental H that results from
the formation of A120 3 and AlO(OH) (Equations 4.1, 4.2) readily reacts with arsenic oxide
(As 2O3) to form As as in Equation 4.5. Furthermore, elemental As readily volatizes with
H2 to form AsH 3 and as such very little As is left in the structure at the end of the oxidation
process. The continuous loss of As favors the formation of a relatively porous matrix of
oxide that enables transport of the oxidants and by-products to and from the oxidizing AlAs
surface. Transmission Electron Microscope (TEM) studies [78] in the formation of current
apertures in vertical-cavity surface-emitting laser (VCSELs) have indicated that in addition
to the amorphous oxide matrix, a thin dense interfacial zone exists at the oxidation front
between the oxide and the unoxidized AlAs. This layer is located in between the AlAs and
A12 03/AlO(OH) matrix can be seen as a thin (a few nm's) layer as shown in Figure 4-1.
Figure 4-1: Cross-sectional TEM showing the dense amorphous interfacial layer at the
oxidation front [78].
When the formation of As 203 is balanced by the reduction and expulsion of As, the
dense interfacial zone does not grow appreciably in thickness as the oxidation progresses
Figure 4-2. As such, the rate at which As is expelled during oxidation determines the time
dependence of the oxidation rate. For short oxidations, as long as this balance of formation
and reduction of As is maintained, the thickness of the diffusion inhibitor As 20 3 does
not change significantly and the oxidation reaction progresses linearly in time. Increasing
the oxidation temperature tends to tilt the As 203 formation/expulsion balance towards
formation as more As is formed than can be expelled. The imbalance shifts the time
dependence of the oxidation process from the reaction-rate limited linear regime to the
diffusion-limited parabolic regime [76]. However, due to the deep oxidations over hundreds
of pms and the extended time lengths (hours) that are involved in this work, elevated
temperatures were needed to enhance and sustain both reaction and diffusion. As such,
while designing the various oxidation processes, the fact that higher temperatures do not
always translate into increased rates of oxidation was kept in consideration.
A120 3  A120 3
AIO(OH) As20 3  AIAs
A120 3  A120 3
AIO(OH) As20 3  AlAs
or
A120 3  A120 3
AIO(OH) As20 3 AlAs
Figure 4-2: Evolution of the rate of formation of As 20 3 relative to its reduction and loss of
As from the oxidized layer, leaving behind a porous A12 0 3 from (a )linear and (b) parabolic
time: increasing the thickness of the interfacial As 203 layer [76].
In addition to temperature, the influence of other process parameters such as: oxidant
flow and therefore partial pressure, feature geometry, feature spacing, AlAs layer thickness
as well as stress/strain fields had to be understood and taken into account in the devel-
opment of a reproducible and controllable wet oxidation process. In the next section, an
analytical model for the oxidation of AlAs is presented.
4.2 Analytical Model
Several authors have suggested models for the oxidation of AlAs using steam oxidation
[79, 80, 81]. In particular, a few groups offer explanations for the oxidation of structures, vis-
a-vis the creation of current apertures in VCSELs [82, 83, 84]. At this time, no single model
exists that describes the oxidation process given the influence of the external forces that
arise due to the presence of a (strained) absorber layer on a multi-layer epitaxial structure
over large length scales. The model that is presented in this section describes the progression
of oxidation over hundreds of microns for different geometries. The physical model is based
on the conservation of oxidant mass as described by the Diffusion-Convection continuity
equation [85] extended to two-dimensional and cartesian cases. Mesas with statistically
uniform AlAs thickness and composition are considered in the circular, straight and inverted
mesa geometries, whereby in all three cases oxidation progresses laterally inwards as shown
in the Figure 4-3.
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Figure 4-3: Cross-sectional schematic of the lateral oxidation of a single AlAs layer showing
the inward progression of the oxide layer from the gas/oxide interface. The AlAs layer
is sandwiched by GaAs layers. The structures in this work have 7.5 pairs of GaAs/AlAs
whereby the AlAs layer thicknesses are a few hundreds of nanometers.
Oxidation proceeds primarily by the inward diffusion of the oxidant, H2 0 vapor, and
must go through the following stages:
1. Transport of the oxidant to the edge of the mesa (the gas/oxide interface), where
adsorption of H2 0 takes place,
2. diffusion of oxidant through the oxide layer,
3. reaction at the AlO,/AlAs interface to form a new layer of AlO.
whereby the rate of the reaction is limited by the slowest of the three stages.
As discussed in the Section 4.1, at elevated temperatures, aluminum atoms readily
react with water molecules to form Al2O, via Equation 4.6, 4.7. The negative Gibb's
free energy associated with this reaction indicates that the reaction is spontaneous at high
temperatures. We can therefore assume that at elevated temperatures, the oxidation process
is not reaction-rate limited, but rather, is limited by the ability with which the oxidant can
diffuse across the already-formed oxide to the reactive AlAs. Initially, the oxidant must be
transported in the gas phase from its bulk concentration in furnace environment to the edge
of the mesa where the oxidant is readily adsorbed by the AlAs or already-formed AlO,.
For standard 1 atm pressure oxidations of silicon, and by extension AlAs, the assumption
is that this first step is not rate-limiting because the mass transfer of oxidant in the gas
phase is very fast for nitrogen carrier gas flow rates above 800 mL/min flowing through water
heated at 80 C. In the model that is presented in the following section, this is represented
by a gas phase coefficient, h, that is large. Upon adsorption, the oxidant must then diffuse
through the pores of the oxide to the semiconductor/oxide interface, where it reacts with
AlAs and extends the oxidation front further inward. Ku et al [86] presents a model that
is different from that presented by others in the literature by starting with the complete
continuity equation, which describes the transport of oxidant while accounting for diffusion,
as well as drift, in a fashion analogous to the drift-diffusion of charge carriers in the presence
of an electric field. Ignoring the drift or velocity term reduces the solution to that presented
by Deal and Grove for the oxidation of silicon [87]. The omission of drift is justifiable in the
Deal-Grove model where the mass diffusion length Dtl is much shorter than the exposed
silicon surface, which can range from a few hundreds of microns to the full silicon wafer
1D is on the order of 10p_2 m/min. Typical silicon oxidation time scales are on the order of tens of minutes.
surface area. In the case of the lateral oxidation of AlAs, the situation is exactly opposite
whereby the diffusion length is much larger than the thickness of the oxidizing AlAs layers,
which are on the scale of only hundreds of nanometers.
Because the actual oxidation reaction occurs so quickly, the rate of oxidation is the
rate of transport of the oxidant from the edge of the mesa to the oxide/AlAs interface.
Several factors determine the rate of oxidation, but they can be separated into two groups:
1) apparatus-related factors: temperature, steam flow, bath temperature and 2) sample-
related factors: aluminum content, AlAs layer thickness and mesa geometry. In this study of
factors that influence oxidation, the apparatus conditions were kept as constant as possible
between runs so that the trends observed were purely sample-related. As expected, the
oxidant diffuses down the concentration gradient through the oxide. Adding the drift term
accounts for the behavior of transport under the influence of the internal stresses within the
oxide as well as the potential obstruction of pores by reactant by-products [79]. In order to
describe the oxidation of AlAs, the nature of oxidant is transport from the gas phase at the
gas/oxide interface through the oxide to the reactive oxide/semiconductor interface must
be understood. Once there is a good understanding of the kinetics of oxidant transport, the
oxidant concentration as a function of position, coupled with the balance of the reaction rate
at the oxide/semiconductor interface can be described, from which the rate of oxidation as
a function of time can be deduced, thus making predictions of oxide depth in time possible.
The model that is presented in this work is based on the physical framework that is
presented by Ku at al [86], but expanded upon to apply to the mesa geometries and strain
fields of the structures under consideration. The central idea is that given a concentration
of oxidant p(s) at a position XF, transportation of the oxidant is governed by the diffusion-
convection equation:
I ) - V - (DVp(z) - v( 5 )p(Y)) (4.8)
at
The diffusion-convection equation is a linear homogeneous parabolic equation that de-
scribes mass transport inside a system due to both diffusion and convection or convection
processes. Equation 4.8 is the equation in its simplest form whereby there are no sources or
sinks within the region of consideration, in this case the oxide layer. The two simultaneously
occurring processes are described by the two terms on the right hand side: the first term
describes diffusion and the second describes convection. The quantity of interest is p(5), the
oxidant concentration as a function of position. D is the temperature-dependent diffusion
coefficient. In general, D also varies with concentration, but in this work is assumed to be
D is constant with concentration to keep the differential equation 4.8 linear. The velocity
term v is also assumed to be constant with position.
The origin of Equation 4.8 must be understood first before proceeding to use it in
the modeling of oxidation process of the structures described in this work. The diffusion-
convection equation is derived from the differential form of the continuity equation 4.9,
which describes the transport of a quantity, which in this case is the mass transport of the
oxidant. The premise is that the oxidant concentration inside the oxide can only change by
the amount that passes in or out of the region through its boundaries. This means that the
concentration cannot increase or decrease, it can only move from place to place i.e. there
are no sources or sinks inside the oxide layer.
+ V - F = s (4.9)at
where p is the quantity per unit volume F describes the flux, the flow per unit area per
time and s is the net volumetric source of the quantity i.e generation or loss of the quantity
within a bounded region. In the case of a conserved quantity, e.g the oxidant density in the
oxide region, s = 0. The total flux F can be written as the sum of that described by Fick's
first law of diffusion and that due to convective flow as in Equation 4.10.
F = -DVp + V-p (4.10)
where V is the drift or velocity term. Substituting this into Equation 4.9 where s = 0 yields
the form of the diffusion-convection equation for a conserved quantity:
Dp( + V - (-DVp~+ -p) = 0 (4.11)at
Recalling that the relevance of the drift term v(x) in Equation 4.8 is in describing the
diffusion of the oxidant through the constrained nm-scale layers, the drift term v(X) is
directly proportional to the AlAs layer thickness, a. The thinner the AlAs layer, the harder
it is for the oxidants and by-products to diffuse through the AlAs layer to and from the
oxide/semiconductor interface. The drift term v(x) may also originate from the volume
contraction as the semiconductor converts to oxide. The contraction process shrinks the
microstructure of the oxide, possibly interrupting interstices in the oxide. Additionally, the
filling of oxidation by-products in the pores of the oxide may contribute to inhibition of
diffusion. The drift term can be described mathematically with respect to the AlAs layer
thickness a using the lowest-order contribution of a second-rank tensor corresponding to
internal stress [80].
Va = -psa-n (4.12)
where p is the mobility of the oxidant, n is a proportionality constant [pm7'+1/mirn] and
r is the order of expansion. The negative sign in Equation 4.12 indicates that this is a
blocking mechanism acting in a direction that opposes forward transport of the oxidant.
In order to find a solution to Equation 4.8, boundary conditions must be imposed. The
nature of the conditions is a balance of two processes. The first boundary condition is at
the gas/oxide interface and involves the balance between the the rate of oxidant adsorption
and the diffusion current -DVp(ig) at the gas/oxide interface:
-DVp(4,) = h (p* - p) ft (4.13)
The boundary condition in Equation 4.13 specifies the value of the space derivative of
the oxidant concentration at the gas/oxide interface where h is the gas transport coefficient,
which accounts for oxidant transport from its bulk environment to the edge of the mesa.
The unit vector nt is normal to the interface towards the oxide. This transport process is
balanced by the adsorption into the oxide where p* is the concentration of oxidant just
inside the gas/oxide interface and is proportional to the partial pressure of the oxidant just
outside the interface in accordance with Henry's law [87]. The second boundary condition is
imposed at the oxide/semiconductor interface and involves the balance between the diffusion
current -DVp(-Fo) within the oxide and the reaction at the Al O./AlAs interface:
-DVp(&) = k(O, ft)p (4.14)
where k is the rate of reaction at position zo. The unit vector ft points normal to the
oxide/semiconductor interface towards the oxide i.e. outwards towards the mesa edge.
The reaction rate k depends on the Al composition in the AlAs layer. In the case of
highly uniform films such as these grown using molecular beam epitaxy, the reaction rate
is assumed to be constant across the thickness of the AlAs layer. Crystal orientation-
dependent oxidation can sometimes arise depending on which crystal face is exposed to the
oxidant. In polycrystalline AlAs, this effect on the overall rate of oxidation is negligible. By
solving Equation 4.8 for oxidant concentration as a function of position p(s) with boundary
conditions Equations 4.13 and 4.14, the oxidation rate o-(t) as a function of time can also
be obtained as follows:
o- (t) = d(zo -n) i = XO (4.15)
dt Nox
In Equation 4.15, the oxidation rate is evaluated by dividing the oxidant flux at the
oxide/AlAs interface by the number of oxidant molecules per unit volume of oxide. In the
following sections, solutions to Equation 4.8 will be described for two configurations; and
inverted (aperture) mesas.
4.2.1 First generation SBRs - 500 pam circular mesas
The first case to be considered is that in which the lateral oxidation occurs in 500 pm-
diameter circular mesas in which the low index AlAs layers are sandwiched between GaAs
layers, forming 7.5 AlAs/GaAs pairs in total. Figure 4-4 is a 3-D depiction of the layout
of the mesas comprising of alternating layers of AlAs/GaAs on a GaAs substrate. If the
circular mesa structures were only partially oxidized, one of the mesas would yield an image
that looks like Figure 4-5, which is a plan view schematic of the spatial progression of the
oxidation front towards the center of the mesa.The samples grown in this work are assumed
to have close to uniform AlAs layer thickness so that the fronts in all of the 7 oxidizing AlAs
layers are in very close synchrony with one another. The GaAs layers experience negligible
oxidation compared to AlAs due to the absence of highly reactive Al atoms, so that the
reaction rate k -+ 0 at the AlAs/GaAs boundary. A negative sign preceding the drift term
remains as in Equation 4.12 because this blocking mechanism is occurring in the positive
r direction as shown. Similarly, opposite signs from those in Equations 4.13 and 4.14 are
used for the r-dependent boundary conditions.
Figure 4-4: 3D model of a circular SBR or DBR stack structures. The structures have been
patterned using standard photolithographic and etching techniques.
+-D + r + az2) (4.16)
subject to:
opD 19
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= kp(r= Ro,z)
= 0
The full solution to Equation 4.16 under these boundary conditions, making no limit
approximations for AlAs thicknesses is shown in Equation 4.17 [86]. Presented below in its
most general form, the solution describes the dependence of oxidation rate on position, as
well as AlAs layer thickness.
(4.17)
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whereby Ei((), the exponential integral function, and a', the effective AlAs thickness that
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Figure 4-5: Model of oxidation of AlAs in a circular mesa configuration. p(r)=concentration
of oxidant at r, p* is proportional to the partial pressure of the oxidant outside gas/oxide
interface. a=AlAs thickness and physical parameters: D, k, h dependent on the process
temperature. r, is the radius of the mesa while R, is the position of the oxidation front.
accounts for the oxidant transport blockade mechanism that was discussed in Section 1.2
are defined by Equations 4.18 - 4.20 respectively.
oo k
Ei(() =7+ In( + S k k!
k=1
k + keff k exp (X)
Da' LaK
(4.18)
(4.19)
(4.20)
The pre-factor pr, was found experimentally to be 7 - 10-4pm3/min and the leading
order q was found to be 77 = 2 [83]. These values were used as a starting point for the
modeling in this work. The rate constants A and B from which the diffusion coefficient may
be calculated have already been found by Koley et al [83] but are defined as follows:
A =2D - + - (4.21)(h k
B = 2 (4.22)Nox
Conveniently, A and B coefficients can both be expressed in and fit to the Arrhenius
form so that values at temperatures beyond those provided in the Table 4.1 below can
be extrapolated. Once A and B are known, the diffusivity D can be estimated using the
molecular approximation that p*/Nox 3 from Equation 4.6.
Table 4.1: Variation of A and B oxidation parameters with temperature [83]
Temperature (0C) A (pLm) B (pm2/min)
=Aoexp(-E A/kT) (=B0exp(-E4/kT)
350 5.0 1.0
380 6.4 2.4
400 7.2 5.1
425 8.1 8.0
450 9.0 20.3
B N0D = N (4.23)2 p*
Ku at al [86] assumes thick layers of AlAs (lim a' - oc) in deriving their expression for
the time required to oxidize to a given depth. In this work, no AlAs thickness assumptions
are made and Equation 4.16 is solved numerically to obtain values for the time that is
required to oxidize to certain depths given an initial mesa size. Time is calculated by
essentially integrating the inverse of the oxidation rate as in Equation 4.17 from the initial
mesa radius r to a final radius to R,. In the case of complete oxidation, R, -+ 0. Because
Ei((), the exponential integral function is a non-integrable function, instead of integrating
a Riemann sum in the limit that 6r -+ 0 was computed as shown in Equation 4.24.
t= lim [ Ar, (4.24)
or-+=O U
The function term of the Riemann sum is computed by calculating the oxidation rate
at each position r and then multiplying that value by an infinitesimal increment in the
oxidation depth Ar and then summing up the products over the entire depth from the
initial fixed radius, in this case to 250tm, to an endpoint radius R.
4.2.2 Second generation SBRs - Inverted structure mesas
Figure 4-6: 3-D model of inverted SBR or DBR stack structures. The inverted structures
comprise of micron-sized apertures, which give the oxidants access to the AlAs layers. The
apertures have been patterned using standard photolithographic and etching techniques.
The second geometry that is under consideration is that in which the lateral oxidation
occurs in what is described as the inverted mesa geometry because structurally, this geom-
etry is the inverse of the Generation I mesa devices described in Section 4.2.1. Instead of
having circular mesas that stand out like pillars from the substrate, micron-sized aperture
are etched into the structure to give oxidants access to the AlAs layers, as depicted in the
3-D model in Figure 4-6. The apertures are in the form of 8pm-wide holes that are etched
into the SBR or DBR structure to fully expose the oxidizable AlAs layers to the ambient
steam. The process of oxidation will go through the same stages in the inverted structure
as in the circular structures. The main difference is the nature in which oxidant diffusion
will proceed in the inverted geometry. A circular geometry in which diffusion occurs in the
reverse direction form circular mesas is a good approximation (Figure 4-7). The diffusion-
Inverted mesa:
r = Ro
r r=R0 r0 0
Figure 4-7: Model of oxidation of AlAs in a inverted mesa configuration. p(r)=concentration
of oxidant at r, p* is proportional to the partial pressure of the oxidant outside gas/oxide
interface. a=AlAs thickness and physical parameters: D, k, h dependent on the process
temperature. r, is the radius of the aperture while R, is the position of the oxidation front.
convection equation subject to boundary conditions in the case of inverted mesas structures
is as follows:
ap 9p_
Ot Or
(2p +Ip + 2p)+D r2 + ar+ az2
subject to:
-D i~
ar r-r0 ,
-Dap
ar T=Ro
= h (p* p(r = ro), z)
= kp (r Ro, z)
ap
-D (9= 0Dz z=±a/2
The geometry of the problem is still the same. The only difference between Equation
4.16 for circular structures and Equation 4.25 is that a different sign has been used for
(4.25)
the drift term since the blocking mechanism is now acting in the positive r direction. The
boundary conditions are similar as in Equation 4.16 except that the signs have also been
changed to account for the reversal in direction of the diffusion current in the r direction.
Similarly with circular mesas, the time that is required to oxidize a mesa from the mesa
edge at r, = 8 pm to a set oxidation depth R, is determined in the same way; by summing
the product of the reciprocal of the oxidation rate and the infinitesimal radius step over the
entire depth of oxidation. The maximum depth required is R, = 150/V/5 pm because the
center-to-center aperture spacing is 150pm.
4.2.2.1 Determining the rate-limiting steps for AlAs oxidation in the inverted
structure configuration
More critical than the geometrical differences between circular and inverted mesa structures,
is the possibility that the restricted dimension of the apertures, the oxidant entry points,
may modify gas flow dynamics may have to be corrected for. This concern is addressed in
this section whereby the rate-limited steps in the oxidation of inverted structures are inves-
tigated. To ensure that the physical model that was described above accurately describes
the oxidation process, the rate-limiting factors of the oxidation process in the inverted mesa
configuration, must be isolated. In particular, in order for the model to be valid, proof must
be demonstrated that the oxidation process is not gas-phase limited; meaning that the mass
transfer of oxidant from its bulk concentration to the gas/oxide interface is not restrained
by the 8pm aperture oxidant input ports. To that end, the three following questions have
to be answered:
Question 1. Is oxidation limited by the gas phase concentration in the bulk gas, Cg?
Question 2. Is oxidation process gas phase transport limited such that increasing the
oxidation time does not appreciably increase the extent of oxidation?
Question 3. Is oxidation limited by the reaction rate at the AlAs/AlzOY interface?
In order to answer Question 1, three inverted mesa samples were oxidized at the same
temperature for the same length of time; 4250C for 20 mins. The water bath in which the
Erlenmeyer flask that contains the DI water sits was set to 70'C, 80'C and 90'C so as
to vary the oxidant concentration within the furnace. The carrier gas flow rate was kept
constant at 2.2 L/min. The results of the effect of concentration/partial pressure on the
oxide depth are summarized in Table 4.2. In the model, the oxide growth rate is proportional
to Pg, the partial pressure in the bulk of the gas. Increasing the bath temperature from
70'C to 80'C is expected to double the partial pressure (Figure 4-8), which in turn should
double the oxidation rate. Thus, a noticeably thicker oxide thickness is expected.
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Figure 4-8: Vapor pressure of water as a function of temperature.
Upon inspection under an optical microscope, the extent of oxidation was comparable in
the area surrounding the apertures to that in the area adjacent to the sample edges, which
get oxidized by default because the oxidized layers are exposed by the sample preparation
cleave. This suggests that for such a short time scale, there are neither geometric nor
mass transport effects influencing the rate of oxidation. Furthermore, there was no trend
towards an increased oxidation depth as the water bath temperature and therefore oxidant
concentration were increased. This may suggest a saturation of the reaction-rate, meaning
that at this temperature and for these oxidant concentrations, the oxidation reaction, having
reached a maximum, is unable to keep up the deluge of oxidant concentration. Perhaps more
importantly, the results strongly suggest that the small apertures do not impede the supply
of oxidant to the gas/oxide interface.
Bath Temp Pressure
(C) (atm)
70 0.35
-- 0.5
Table 4.2: Depth of oxidation as a function of water bath temperature for both the inverted
and exposed edges.
Bath Temperature (0C) Oxidation Depth (pm) Oxidation Depth (pm)
near apertures near sample edge
70 32.44 30.0
80 20 19
90 18 22
Question 2 explores whether or not increasing the oxidation time would have any ef-
fect on the oxidation depth in the inverted geometry. If the process were truly gas-phase
limited, increasing the duration of oxidation should not result in an increase in oxidation
rate because access of oxidant to the gas/oxide interface would still be restricted and that
remains constant over time. Figure 4-9 is a plot of the results from oxidizing inverted mesas
at 4250C for 2, 4, 8, 12 and 16 hours. As expected, an initially linear time dependence, is
observed, which transitions to a parabolic time dependence as the process becomes increas-
ingly diffusion-limited due to the growing oxide. The fact remains that the oxidation front
continues to progress over time. This also indicates that the process is not gas-phase lim-
ited because if it were, little advancement of the oxidation front, especially at such extended
times, would be observed.
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Figure 4-9: Depth of oxidation as a function of time for inverted mesa structure.
One last indication that the oxidation process is not gas-phased limited is provided by the
answer to Question 3. In this experiment, the effect of increasing the oxidation temperature
on gas phase transport, and consequently the depth of oxidation are investigated. Inverted
mesas of the same material layer structure were oxidized at 400'C, 425'C and 440 C for 2
hours. Table 4.3 summarizes the results of these temperature experiments.
Table 4.3: Depth of oxidation as a function of oxidation temperature for both the inverted
and exposed edges.
Oxidation Temperature ('C) Oxidation Depth (pm) Oxidation Depth (pm)
apertures edge
400 37.06 49.59
425 43.0 82.65
440 67.86 110.93
The rate of oxidation increases noticeably with temperature, confirming that the oxi-
dation process is indeed controlled by diffusion and reaction processes, both of which are
thermally-activated. If the oxidation process were strictly gas-phase transport limited, in-
creasing oxidation temperature would have little influence on the rate of oxidation because
access to the gas/oxide interface remains constant with temperature.
4.2.3 Results: Rate Dependence on Oxidation Time
During the early stages of oxidation when the oxide thickness is still quite thin, the process
is limited by the rate at which the AlAs is converted to AlOY. During this regime, the
diffusive barriers to oxidation can be neglected and the oxide is expected to grow at a rate
that is expected to be constant in time and proportional to the rate of the reaction. As
the oxide begins to grow in thickness, the oxidation process quickly transitions from being
reaction rate-limited to becoming limited by the ability with which the oxidants are able
to reach the AlAs/AlOY interface for the reasons discussed in Section 4.1. The rate of
oxidation begins to decrease as shown in Figure 4-10.
The surface area of the mesas in this study are quite large, ranging from 500[tm to
~300pm diameter in the circular and inverted structure configurations respectively. In
order to fully oxidize the circular structures for example, the oxidation front must progress
a distance of 250tm from the edge of the mesa to the center. This is a long distance to
travel, given how rapidly the oxidation rate drops in the just the initial 5-10im. None-
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Figure 4-10: The oxidation rate as a function of the position of the oxidation front during
the initial stages of oxidation at 4500C in r, = 250pm circular mesa structures. [Inset: a
partially oxidized mesa.] The model uses the same physical parameters as in Section 4.2.1.
A rapid decrease of oxidation rate is indicated as the oxide front progresses inward.
the-less, the front progresses for several hours until oxidation reaches completion. Figure
4-11 is a model of how the oxidation rate decreases initially and then plateaus to a small
value for much of the duration of the oxidation process. Towards the end of the process
however, the oxidation rate accelerates. This can be explained as follows: in the circular
geometry, as the oxidation enters its final stages, a smaller oxidizable surface area is seen by
the same amount of oxidant supplied at the gas/oxide interface and as such, the oxidation
rate increases.
By viewing the circular mesa structures under a DIC microscope, it is possible to dis-
criminate between the oxidized and the unoxidized regions due to the index contrast as
shown in Figure 4-12. The lateral extent of the oxide as a function of time can therefore be
measured. Realtime in situ measurements of the oxidation rate and depth were not possible
with this furnace. Therefore, multiple samples had to be used to measure the depth of oxi-
dation. Each image in Figure 4-12 represents one independently oxidized sample, oxidized
under the same process conditions except for time.
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Figure 4-11: The oxidation rate as a function of the position of the oxidation front for the
full length 250pm oxidation at 450 C in r, = 250pm circular mesa structures. [Inset: a
partially oxidized mesa.] The model uses the same physical parameters as in Section 4.2.1.
4.2.4 Results: Rate Dependence on Oxidation Temperature
In this section, the process dependence on temperature using the physical model described
in Section 4.2 is studied. The oxidant flow in this furnace model has no flow bypass and
therefore the loading of the sample causes a significant temperature fluctuation (10 0 C),
but it levels out within a few minutes under the control of a PID temperature loop. The
loading is done at 100 C, a temperature well below that required to oxidize appreciably
so the variation in the time required for sample loading is not expected to influence the
final oxidation depth. In order to mitigate layer delamination due to a rapid change in
temperature, the temperature is gradually ramped up to the set oxidation temperature
over a period of 1 to 1.5 hours. Oxidation progresses at the set temperature for a desired
period of time. At the end of the process, the temperature is ramped down to 100'C,
after which the samples are removed from the furnace. During the actual oxidation, the
temperature is kept constant to ±1C.
Because oxidation is thermally-activated, the oxidation process can be modeled at vari-
ous temperatures by expressing the rate constants in the Arrhenius temperature dependent
form. h, D and k the gas transport coefficient, the diffusion coefficient and the reaction
Figure 4-12: Top-view DIC microscope image of partially to completely oxidized circular
mesas, showing high index contrast between the unoxidized and the unoxidized regions.
Each oxidation was carried out at 425 0C, at a water bath temperature of 80-85'C and an
N2 flow rate of 2.2 L/min.
rate respectively. By so doing, the oxidation rate from Equation 4.17 for circular mesas
as a function of temperature can be determined. Figure 4-13 shows the model's oxidation
rate dependence on temperature from 400 to 450'C. As expected, the rate of oxidation
increases with temperature. At these temperatures, for the desired 250 Pm depth of oxide,
the oxidation process quickly transitions from reaction-limited to diffusion-limited. This
regime transition can be explained by the discussion that was presented in Section 4.1 on
the influence of temperature on the balance between the formation and reduction of dense
As 20 3, which inhibits access of the oxidants to the reactive AlAs. However, in order to
complete these large area oxidations in a reasonable amount of time high temperatures in
the 400 C to 450' range are necessary.
From the oxidation rate, the evolution of the oxidation depth with time as a function
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Figure 4-13: Dependence of the oxidation rate on the position of the oxidation front in
circular mesa structures. [Inset: a partially oxidized mesa.] The theoretical curves are
calculated from Equation 4.17. Rate parameters D, h, k, A and B are calculated at 400 C,
425C and 4504C.
of temperature can be determined. Figure 4-14 is a plot of the theoretical oxidation depth
profiles for various temperatures from Equation 4.24, solved for the circular mesa configu-
ration. As in Figure 4-13, the oxidation rate quickly evolves from linear to parabolic. The
4500 C curve shows how the oxidation rate accelerates towards the end of the oxidation; in
this case, the end depth is 250pm. The model predicts that at 450C, complete oxidation
of the 500ptm-diameter SBR mesas should require approximately 7 hours.
The effect of relatively minor changes in temperature on the rate and ultimately depth
of oxidation were also modeled. The ultimate goal of the modeling endeavor was to design
a fully controllable and repeatable oxidation process so that ultimately, prediction could
be made of the expected depth of oxidation even before doing an oxidation. One of the
foremost challenges of the lateral oxidation of AlAs oxidation is the oxidation process is not
time-additive. Oxidizing a sample to a certain depth, pulling the sample out of the furnace
to measure the extent of oxidation and then reinserting the sample to oxidize further to
a desired depth is not possible. There appears to be a change in the structural nature
of the oxide/semiconductor interface that prevents further oxidation from resuming once
the oxidation process has been temporarily interrupted. Severe delamination has been
observed, but only in the oxidized regions. The unoxidized regions remain unoxidized
and still attached with little to no delamination. Observations also include no change
in the oxidation depth upon resuming the oxidation process, indicating that the oxidants
are prevented from reaching the A1As/Al20, interface. As a direct consequence of the
reduced access of oxidants to the reactive interface, there might be insufficient amounts of
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Figure 4-14: Dependence of oxidation depth on oxidation time in circular mesa structures.
Theoretical curves are calculated from Equation 4.24. Rate parameters D, h, k, A and B
are calculated at 350'C, 4000C, 425'C and 450'C.
elemental H, which results from the formation of A120 3, and is needed in the reduction of the
dense diffusion-inhibiting As 2OY interfacial layer. Therefore, the effect of small temperature
changes on the oxidation process must be understood because being even slightly under-
oxidized would require an additional run while being over-oxidized tends to cause layer
delamination in the mesas. Figure 4-15 indicates that a small difference in temperature can
make a significant different in the time needed to oxidize to a desired depth.
Table 4.4: Depth of oxidation as a function of oxidation temperature for various tempera-
tures.
Oxidation Temperature OxidationTime Oxidation Depth Delta
(OC) (hrs) (pvm) (hr/0 C)
420 13.81 250 - -
422.5 13.12 250 -0.276
425 12.46 250 -0.264
435 10.14 250 -0.232
Table 4.4 summarizes the model-predicted times required to fully oxidize 500pm diam-
eter circular mesas at four process temperatures. The time benefit values, Delta, are on
average ~0.26 hrs/0 C. This means that if inadvertently the oxidation temperature were only
10C higher due to sample positioning within the furnace for example, the sample would be
101
r0= 250
E 200
-- - 4250C
o 150-
0
t 1 0 0 ... .. ..... ............ .... .. . .......V Z
_00
0
0 5 10 15
Oxidation Time (hrs)
Figure 4-15: Dependence of oxidation depth on oxidation time in circular mesa structures.
Theoretical curves are calculated from Equation 4.24. Rate parameters D, h, k, A and B
are calculated at 420'C, 422.5 0C, 425'C and 435'C.
fully oxidized with 30 minutes of run-time remaining. The sample would then over-oxidize
in the last 30 minutes, with an increased potential for delamination. It is therefore crit-
ical that temperature and sample positioning in the furnace are carefully monitored and
controlled.
4.2.5 Effect of Temperature Ramping on Oxidation Rate
Until this point, the oxidation rate parameters A and B, whose actual values are determined
by the oxidation temperature, have been assumed to be constant. However, in order to
mitigate delamination, it was found [66] that 1 hr-long temperature ramps were needed to
ease the thermal stresses experienced by the multiple pairs of lattice mismatched layers.
Figure 4-16 shows the ramp-adjusted A and B rate constants that were calculated from the
equations in Table 4.1. Initial temperature fluctuations as the temperature approaches the
oxidation temperature set point translate into fluctuations in the rate parameters, especially
B, which has an exponential temperature dependence. While the initial ramp is critical in
modeling accurate values of A and B, and thus D, the diffusion coefficient, the downward
ramp is not as important because the oxidation has ideally reached completion before the
beginning of the downward temperature ramp.
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Figure 4-16: A and B rate parameters calculated from Equation 4.21,4.22 adjusted for the
initial and final temperature ramps. Temperature is ramped up over 1.5 hrs from 100 0C to
the set point of 450 C and then back to 100 C.
Figure 4-17 shows the measured oxidation depth for a 7-pair AlAs/GaAs DBR mesa
structure as a function of time, along with the theoretical curve of the depth profile at
Temp=4250 C. The model also includes both the initial, as well as the final temperature
ramps in calculating the values for the temperature-dependent rate constants. The model
matches the empirical data closely. The values of the oxidation depth were measured by
averaging over all the mesas structures that were oxidized in a single run. The error in
oxidation depth was calculated by compounding the standard deviation of the depth of the
various structures, with the measurement error of the optical microscope. The acceleration
of the oxidation rate towards the end of the oxidation process is observed in the experimental
data, as was predicted by the model.
4.2.6 Results: Rate Dependence on AlAs Layer Thickness
The low index AlAs layers in conventional (unoxidized) Bragg mirrors are by design A/4n
thick where A is the center wavelength at which the SBRs are designed to operate and
n is the index of refraction of AlAs at that wavelength. In broadband oxidized SBRs,
the AlAs layer undergoes a volume contraction and an index change when the AlAs is
converted to AlOy. The parent AlAs layer is grown at a thickness that would compensate
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Figure 4-17: Dependence of oxidation depth on the oxidation time in circular mesa struc-
tures. Each experimental point corresponds to an individually oxidized sample. Theoretical
curves are calculated from Equation 4.24, whereby a = 240nm.
for the final AlOY thickness and refractive index at the design wavelength. The center
wavelengths of the SBRs in this work range from 0.91 to 2 .4 5ptm, with AlAs thicknesses
ranging from ~150 to 400nm respectively. The oxidant and the reaction by-products must
both must diffuse through these thin channels in order to reach to and be removed from
the oxide/semiconductor interface so as to sustain the oxidation process. Some groups
investigating AlAs oxidation for VCSELs have reported a dramatic thickness decrease in
the oxidation rate in very thin (80 nm) AlAs layers [81, 88] but give no explanation for
this trend. The rate parameters B, D and k should therefore have a temperature, as well
as a layer thickness dependence. In this work these dependences are compounded in the
a' term in Equation 4.17, whose factors p/-, and q were optimized via a series of thickness-
dependent calibrations and fits. In this work, a layer-thickness dependence was observed
that was significant enough to affect the time that is required to complete oxidation. The
reasons for this layer dependence can be understand in a couple of ways, one being more
conceptual than the other: 1) The diffusion paths for the oxidant might be terminated by
the formation of a dense As 20 3 oxide if the out-diffusion of As is not sufficiently balanced
by its formation. The result of this is a blockage of the pathways for the oxidant to reach
the oxide/semiconductor interface. Even though the path density should be independent
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of thickness, the thinner the AlAs layer, the fewer the net number of viable pathways and
as a result, the sooner the process will become severely diffusion-limited. 2) Naone et al
[89] have proposed an explanation for this layer dependence in the case of a single AlA
layer by deriving a model in which the activation energies for the rate constant k at the
oxide/semiconductor interface increases by an amount that is inversely proportional to the
AlAs layer thickness.
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Figure 4-18: A diagram of GaAs/AlAs interfaces at the oxidation front. By approximating
the front as a semi-circle with a contact angle, a, an exponentially decreasing relationship
exp(- 0 /) on AlAs thickness, 0 exists [89].
In this model, the contact angle that the front makes with the surrounding GaAs layers as
illustrated in Figure 4-18 is inversely proportional to the AlAs layer thickness. At the point
of contact a thermodynamic equilibrium exists, referred to as a balance of surface tensions,
very much like in meniscus curvature or wetting. The reasonable conclusion drawn is that
the oxidation rate on layer thickness can be explained by understanding the origin of the
curvature of the oxidation front, which increases as the layers get thinner. The increased
front curvature suggests that the surface tension at the GaAs/AlAs (or A120 3) interface
induces an increase in the activation energy of the semiconductor-to-oxide reaction rate
constant. In thicker layers, the front is flatter indicating that the effect of this balance of
surface tensions scales inversely with AlAs thickness.
Figure 4-19 is a SEM image showing curved oxidation fronts as discussed in [89] in a
partially oxidized Bragg stack. Worth noting is that the front appears to 'lean' more to-
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wards the GaAs (top)/AlAs(bottom) interface than the AlAs(top)/GaAs(bottom) interface.
Going by the conclusions drawn by Naone et al, this would suggest a dissimilar balance of
surface tensions or stresses at the two boundaries. Recall that during MBE growth, the
GaAs growth surface is smoother then the AlAs surface because of the lower sticking co-
efficient of Al atoms. Furthermore, the slight variation in AlAs thickness may explain the
stagger in the position of the oxidation front with the slightly thicker layers having slightly
more extended oxidation front. The oxide tip position disparity is only a fraction of mi-
crons, which are not believed to affect the overall quality of the oxidation, nor the ultimate
performance of the broadband SBR.
Delamination due to SEM cleave at the
weak GaAs/A1203 interface
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Figure 4-19: A SEM image showing the curved oxidation fronts in a partially oxidized Bragg
stack. The delamination at the already weak GaAs/ Al 203 interface is a result of the SEM
cleave.
The layer thickness dependence was modeled using the equations that were presented
in Section 4.2 and is plotted in Figure 4-20. The model in this thesis describes the layer
thickness dependence by balancing the forward diffusion of oxidants with the inner stresses
that arise from processes such as the volume contraction in the diffusive oxide layer. This
volume contraction creates inner stresses in the form of forces acting in the opposite direction
to oxidation. Some of the stress also originates from the boundaries with the GaAs layers
that sandwich the oxidizing AlAs layer. As per the discussion above, the total amount of
stress from volume contraction and surface tensions is greater at the boundaries than in
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the middle of the layer, which explains the convex curvature of the oxidation front. The
implication of the nature of stress distribution is that the oxidation rate is slower at the
boundaries than in the middle of the AlAs layer.
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Figure 4-20: Oxidation rate as a function of the position of the oxidation front in circular
mesa structures. Rate parameters D, h, k, A and B are calculated at 450'C. An appreciable
decrease in the oxidation rate is observed for AlAs layer thicknesses ranging from a
450nm, 240nm to 150nm.
Empirically, this layer dependence has been investigated in both calibration DBRs
(Bragg mirror without the saturable absorber) as well as device SBRs and this layer-
dependence is observed in both as shown for in Figure 4-21. Each data point corresponds
to an independent oxidation run. For each length of time, SBRs and DBRs of the various
thicknesses were oxidized simultaneously so that the observed trends would be purely due to
the difference in the AlAs layer thickness, or the presence of an absorber layer, or both. All
the samples in this study were oxidized at 420'C. Figure 4-21 shows that thinner AlAs layer
structures oxidize slower than their thicker layer counterparts. This is true for both SBRs
and DBRs. This indicates that even at these AlAs layer thicknesses, a distinct influence on
the rate of oxidation exists. The extended length, diffusion-controlled oxidation processes
are in fact being limited by the diffusion of either reactants or by-products to and from the
oxide/semiconductor interface. The earlier onset of the parabolic diffusion-limited regime in
thinner layers may also suggest a faster formation of the dense As 203 at the oxidation front,
which offsets the balance between the formation and the removal of oxidation by-products.
The oxidation depth under the influence of AlAs layer thickness as a function of time
was calculated from the model and plotted. Figure 4-22 shows the theoretical depth versus
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Figure 4-21: Dependence of the depth of oxidation on time for AlAs layers of different
thicknesses. Layer dependence is investigated in both (a) DBR and (b) SBR structures.
time dependence of the oxidation process, taking into consideration the AlAs layer thick-
nesses. The figure includes plots for two temperatures; 420'C and 450'C, which yielded
undelaminated oxidation results. Decreasing the AlAs layer thickness, ceteris paribus, de-
creases the depth of oxidation. Furthermore, the empirical data follows the physical model
of the complex relationship quite well.
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Figure 4-22: Dependence of the depth of oxidation on time for AlAs layers of different
thicknesses. The lines represent the theoretical calculations and the points represent the
experimental data. Theoretical curves are calculated from Section 4.2.1. Rate constants at
420'C and 450'C were calculated for AlAs layer thickness a=240nm and a=450nm.
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4.2.7 Results: Rate Dependence on Absorber Strain
In addition to the dependence of Al composition and AlAs layer thickness, the oxidation
rate was found to be influenced by introducing an absorber section on top of the oxidizing
AlAs layers. The absorber section typically comprises of single or multiple Indium Arsenide
(InAs) absorber layers that are sandwiched by GaAs cladding layers. By design, the total
thickness of the absorber section is A/(2n), whereby the exact InAs thickness is defined
by the modulation depth requirements of the laser system. InAs is significantly lattice
mismatched to the underlying GaAs/AlAs by ~ 7%, leading to an existence of strain in
thin pseudomorphic layers, or a high defect density in thick relaxed layers. The strain and
the defects are expected to be confined to the absorber section and do not back-propagate
into the underlying Bragg stack. However, the presence of an absorber has been found to
suppress the rate of oxidation of the underlying AlAs layers. This absorber-dependence
is manifested in the distinctly different oxidation depth profiles obtained in DBR (Bragg
mirror only) vs. SBR (Bragg mirror + saturable absorber) structures. Figure 4-23 shows
the oxidation depths in the inverted structures for the DBR and SBR both oxidized side
by side at 420 C for 2 hours. The DBR structure is visibly fully oxidized while the SBR
structure is only partially oxidized.
00
(a) VA175 (b) VB123
Figure 4-23: Optical microscope images of 2.4tm (a) DBR and (b) SBR structures in the
inverted configuration. The SBR structure in (b) comprises of a defect-dense absorber that
is grown on top of the DBR structure in (a). Both samples were oxidized simultaneously
at 420 C for 2 hours.
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Although the current results leave the identity of the species responsible for the enhanced
oxidation in DBR over SBR structures an open question, the effect can be modeled by mod-
ifying Equation 4.24 by including an empirically-determined fitting parameter f(absorber
layer thickness) so that Equation 4.24 becomes:
ro 1
t = lim ( - f (absorberlayerthickness) (4.26)
r-0 r=R r
where Equation 4.26 is the absorber-adjusted equation for the time that is required to fully
oxidize a mesa structure. Figure 4-24 shows that the best fit of the model to experimental
data for SBRs and DBRs with two different AlAs layer thicknesses. Rate constants at
420 C and 450 C were used to calculate the time profiles in Figure 4-24(a) and Figure 4-
24(a) respectively. In both cases, a faster rate of oxidation is observed in the DBR structures
compared to the SBRs. This was very important to be. aware of, as the DBR structures
were initially used to calibrate the oxidation rate under the assumption that as long as the
AlAs composition and thicknesses were the same, the device SBRs would oxidize at the
same rate as their respective DBRs. The data presented in Figure 4-24 suggests otherwise.
Oxidation Depth vs Time; a=240nm Oxidation Depth vs Time; a=450nm
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Figure 4-24: Dependence of oxidation depth on oxidation time, influenced by the presence
of an absorber section. The lines represent the theoretical calculations from Equation 4.26
and the points represent the experimental data. Rate constants at 420'C and 450'C were
used to calculate the time profiles for AlAs layer thicknesses of (a) 240 nm and (b) 450nm.
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4.2.8 Results: Rate Dependence on Geometry
Lastly, the effect of geometry on the oxidation process is discussed. Through both experi-
mental results and theoretical calculations, a measurable difference in the time dependence
of oxidation on the geometry of the oxidizing structures is observed. The samples in this
study were grown on 2-inch (100) GaAs substrates. In order to investigate the geome-
try dependences, 10xlOmm-unit cells consisting of various dimension circles, squares and
rectangles were patterned and oxidized simultaneously.
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Figure 4-25: Layout of a unit cell of the mask used to explore the effects of feature geometry
on the rate of oxidation. The feature geometries included circles, squares, rectangles and
inverted structures.
Figure 4-25 shows the mask layout of the different geometrical structures of various
dimensions. The unit size was kept at lOxlO mm to ensure temperature homogeneity across
all the structures during the oxidation run. As depicted in Figure 4-25, circles with diameter
variations of 800, 600, 300, 150 and 80pm were patterned. The square structures varied in
width from 400, 300, 150, 80 to 40pm, with one set aligned to the {011} plane and the other
set aligned to the {010} plane. Paired rectangles that were 1.2 x 0.4 mm [L x W] oriented
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00C, 45'C, 90'C, or 135'C with respect to the major flat of the wafer. In addition to
orientation, the spacing between the rectangles was varied from 300, 100, 80, 20 to 15pm to
investigate any gas transport effects on oxidation. Inverted structured with aperture width
variations of 15, 13 and 8im were also included. All the above structures were laid out
and patterned along the direction of the major and minor flats with a preserved knowledge
of each unit's crystal orientation. In the following sub-sections, geometrical effects on the
rate of oxidation in versus square structure, as well as square versus inverted structures are
explored.
4.2.8.1 Circular versus Square mesas
The first investigation compared the rates of oxidation between circular and square DBR
mesas, whereby the evolution of oxidation depth over time in structures with the two distinct
geometries but of equal dimension in diameter and width respectively, was measured. A
faster rate of oxidation was expected in the circular structures compared to that in squares.
This is because a gradually decreasing oxidizable surface area is seen by the same amount
of oxidant supplied at the gas/oxide interface that has a fixed radius throughout oxidation
process. As such, an acceleration in the oxidation rate is expected, especially at later stages
in circular mesas.
Figure 4-26 is an illustration of how the oxidant needs to be transported from the gas
phase to the AlAs/Al2Oy interface through the diffusion process in both the circular, as well
as square mesa configuration. As shown, in the case of circular mesas the oxidation front is
gradually closing in on itself throughout oxidation, while in the straight mesa configuration,
the area seen by the oxidant remains constant throughout the oxidation process, except at
the vertices of the square, where there is a superposition between the two perpendicular
oxidant flux fields. In order to study this geometrical effect on oxidation, different dimension
and square mesas were patterned on the same sample so that all the features would be
processed simultaneously. Figure 4-27 plots the depth of oxidation do(R) for circular mesa
structures normalized by the oxidation depth do(R-+ oc) for square mesas as a function
of the inverse of the radius of the circular mesas, 1/R. Each data point corresponds to
the ratio of the circular to square oxide depth. The inset is a microscope image of two
structures of different but equal dimension geometries; 157pm in diameter and width2,
2The features were designed to be 160 pm wide but were laterally etched to 157pm by the isotropic etch.
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Figure 4-26: Schematics of thermal oxidation of AlAs. (Left) Top view lateral oxidation in
a circular mesa configuration. (Right) Cross-sectional view in a straight mesa configuration.
oxidized simultaneously. The (green) oxide region is noticeably bigger for the circular mesa
compared to the square mesa structure.
This results in Figure 4-27 demonstrate that in small enough circular mesas, in this
case a diameter of 157pm, the oxidation process is facilitated by the diminishing radius
of the oxidation front as the oxidation progresses. This is not the case in square mesas
where the dimension of the oxidation plane remains constant in time. As such, a 157pm
diameter circular mesa will oxidize faster than a 157tm-wide square as is shown. In Figure
4-28, the theoretical curves for the oxide depth versus time for 500pLm diameter circular
and square DBR structures are plotted along with the corresponding experimental data.
Each of square mesa data points corresponds to the oxide depth measured from the long
edge of the rectangular mesas. As shown, there is good agreement between the model and
the data points. The conclusion of this study is that under identical growth parameters,
large area SBR structures take longer to fully oxidize in the square or rectangular geometry
compared to equally-sized circular structures. Knowledge of this geometry dependence helps
in determining whether rectangular SBRs are feasible given the constraints of large area
oxidation process.
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Figure 4-27: Influence of the geometry of the mesa structure on the normalized oxide depth
do/do(R-- oo) versus the inverse of the radius of the mesa structure 1/R. the picture in the
lower right corner shows two structures of different geometry oxidized together at 420 C for
4 hours.
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Figure 4-28: The comparison of the oxidation depth as a function of oxidation time in
square and mesas. Acceleration of the oxidation rate is seen for the case of the mesas.
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4.2.8.2 Square versus Inverted mesas
The second investigation compared the rates of oxidation between square and inverted
DBR mesas whereby a faster oxidation rate is observed in square mesas as compared to
the inverted structures. This geometrical preference of the oxidation process is not due to
the apertures restricting gas transport. For the aperture sizes that were used in this study,
the results presented in Section 4.2.2.1 showed that the dimensions of the apertures did not
restrict gas transport. Oxidation progresses slower in the inverted structures because the
oxidant has to diffuse from a point-like source to an ever-expanding surface area over time
in a fashion analogous to electric field lines originating from a positive monopole. In square
mesas, the oxidation front progresses as series of parallel fronts penetrating inward from
the mesa edge. In the straight geometry, the oxidizable surface area seen by the oxidant
is constant in time. Figure 4-26 is a schematic comparison of this geometrical difference
between inverted and square mesas.
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Figure 4-29: Schematics of thermal oxidation of AlAs. (Left) Top view lateral oxidation in a
inverted mesa configuration. (Right) Cross-sectional view in a straight mesa configuration.
The squares and inverted samples that were used in this study were patterned and
oxidized simultaneously. Figure 4-30 is a plot of the theoretical curves of the oxidation
depth versus time profile with experimental data of samples with the same AlAs thickness of
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450nm and oxidized at 450 C. The theoretical oxide depth time dependence in square mesas
was calculated using the model of oxidation in circular mesas in the limit that Rsquare -+100
x R. There is good agreement between the model and the experimental data. The inverted
mesas oxidize much slower than the square mesas for the geometrical reasons discussed
above.
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Figure 4-30: The comparison of the oxidation depth as a function of oxidation time in square
versus inverted mesa structures. A faster deceleration of the oxidation rate is observed in
the case of inverted mesas. AlAs layer thickness a = 450nm.
Inverted DBR structures with 240nm AlAs thickness at 450 C for oxidized at various
times, keeping everything constant. Figure 4-31 is a plot of the depth versus time for the
inverted structures and the square structures. The solid lines are the theoretical curves,
while the data points represent individual oxidations. Here again for this AlAs thickness
and at this temperature, the model and the experimental data are in good agreement.
With the knowledge of the time dependence of oxidation in the inverted structure, a
photolithography mask was designed to pattern apertures with dimensions and center-to-
center spacings that would enable complete oxidation within a reasonable period of time.
The model in Figures 4-30 and 4-31 predict that at the oxidation temperature and time of
450 C for 6 hours, ~ 90pm and 70tm-thick oxides would be formed from aperture edges
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Figure 4-31: The comparison of the oxidation depth as a function of oxidation time in square
versus inverted mesa structures. A faster deceleration of the oxidation rate is observed in
the case of inverted mesas. AlAs layer thickness a = 240nm.
of AlAs layer thicknesses of 450nm and 240nm respectively. Recall that increasing the
oxidation temperature in order to enhance oxidation is not an option because the oxidation
process has already been optimized to reduce temperature-induced delamination. Given this
calibration, an inverted mesa device mask was designed to define 4pLm and 8prm apertures
with a conservative center-to-center spacing of 150 pm.
4.2.8.3 Circular versus Inverted mesas
Figure 4-32 shows the theoretical curves for the Aluminum oxide depth versus time for
circular mesas and inverted devices as a function of time at an oxidation temperature of
4200 C. The solid lines are theoretical curves computed from the model, while the data points
correspond to individual oxidations. The results show that for identical layer structures
oxidized under the same conditions, large area inverted structures take a longer time to
oxidize to the same depth than circular structures. With this knowledge, a photolithography
mask was designed to pattern Inverted Mesa SBRs (IMSBRs) with feature dimensions
that would allow complete oxidation within a reasonable amount of time. Fully-fabricated
IMSBRs comprise of 4 and/or 8 pLm apertures with a 150pm centre-to-centre spacing.
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Figure 4-32: Oxidation rate profiles in circular and inverted structures. The dashed lines
correspond to full oxidation. Plan-views of a 7 pair GaAs(l15nm)/Al.Oy(221nm) Bragg
structure showing a 500 pm circular SBR as well as an inverted SBR with 150 pm center-
to-center aperture spacing after complete oxidation.
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4.2.9 Dependence on Aluminum Composition
The thermal oxidation of AlGai-As relies on the high reactivity between aluminum atoms
and water molecules. A strong compositional dependence of the oxidation rate resulting
from the compositional dependence of the activation energies has been empirically demon-
strated by Choquette et al [78]. This dependence of the rate of oxidation on Al composition
is summarized in the following empirical formula:
o-(x) = oAlASexp(- 6 2 .4 (1 - x) + 195(1 - x) 2 ) (4.27)
Due to the exponential dependence of the oxidation rate on Al composition that is
depicted in Equation 4.27, the oxidation rate of AlxGai_2As changes by more than two
orders of magnitude for x varying from 1 to 0.8. Thus, a high degree of oxidation selectivity
between AlxGai-xAs can be achieved with only a small change in Al content. By using high-
precision epitaxial growth via MBE and/or MOCVD, the Al composition can be achieved
within an accuracy of x i 0.005, limited primarily by the measurement accuracy of Al
content for large x.
4.2.10 Other investigated trends
Crystal orientation:
For all of the oxidation depths recorded, two oxide depth measurements were taken using
the optical microscope; one at 90'C with respect to the other in order to ensure that any
artifacts associated with the optics or the CCD camera would not influence the oxide depth.
Within the experimental uncertainty of -6ptm, no reproducible crystallographic preference
for the oxidation process was observed in either the circular, square or the rectangular DBR
and SBR structures in this work.
Amount of volume contraction:
When AlAs gets converted to A1,OY, it undergoes an ~ 14% volume contraction. A
strain is expected to be induced at the interfaces with the surrounding semiconductor layer
due to contraction. The unanswered question was whether or not this strain would scale
with the number of oxidizing layers. This question was answered by oxidizing samples that
had 3 and 7-pair AlAs/GaAs pairs simultaneously. The samples were oxidized at 420'C for
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1, 2 and 4 hours. There was no evidence that the cumulative amount of volume contraction
in the three versus seven pairs had any effect on the oxidation rate.
4.2.11 Conclusion
In this section, a model has been developed for the thermal oxidation of AlAs using the
diffusion-convection equation based on the principle of oxidant mass conservation. The
diffusion of oxidant is found to be dependent on the structure of the oxidizing mesa. The
model takes into account several processing control parameters such as oxidation temper-
ature, oxidation time, AlAs thickness, absorber strain and mesa geometry all in a single
equation and therefore, can be easily used to design reproducible AlAs oxidation processes.
Theoretical calculations have been shown to agree well with the experimental data gener-
ated from the various calibration runs. This model has been applied to the reproducible
fabrication of broadband SBRs for various laser systems.
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Chapter 5
Effects of Oxidation on SBRs
5.1 Oxidation-induced delamination
One of the challenges associated with the fabrication of broadband SBRs is the tendency
for layers to delaminate during the oxidation process. Oxidation is a moderately high
temperature process during which thermally-aided diffusion of oxidant species into and
by-products out of the oxidizing and surrounding layers occurs. The process changes the
composition and structure of the SBRs, including the dimension of the oxidized layers after
oxidation. Analysis of oxidized films shows a 10-12% layer contraction from AlAs to Al"Oy.
This change in dimension can produce stresses at the already weak oxide/semiconductor
interface, which can lead to deformation under sub-optimal oxidation conditions.
Figure 5-1 (a) shows a case of severe deformation in which some of the layers have peeled
off from the structure. The cross-sectional SEM image in Figure 5-1(b) of the damaged
mesa shows that some of the crystalline semiconductor and oxide layers have completely
delaminated from the structure, leaving behind only a few pairs of the Bragg mirror. A
key observation that can be drawn from damaged mesas such as the one that is shown in
Figure 5-1 is the interface at which layers preferentially delaminate. The top most layer in
Figure 5-1(b) is the amorphous AlOy oxide. Once lying on top of that oxide layer before
it delaminated was a layer of GaAs. In all the cases where layer delamination has been
observed, the GaAs layer, if still present, is always the top layer while the AlAs or AlOy
is the bottom layer and the two are separated by the air gap.
The location of delamination suggests that (a) the buckling occurs within the Bragg
stack, rather than the absorber section where dislocations exist due to strain from lattice
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Figure 5-1: SEM cross-section images showing delamination of an oxidized circular mesa
structures under sub-optimal oxidation conditions. In (b) two pairs of the Bragg layers have
completely lifted off, leaving behind only 5 of the original 7 pairs.
mismatch and (b) if delamination happens, it typically does so at the GaAs(top)/AlAs(bottom)
interface, rather than the AlAs(top)/GaAs(bottom) interface. This is most likely due to the
low surface mobility of Al adatoms during epitaxial growth at typical growth temperatures
resulting in a rough AlAs surface than a GaAs surface. This roughness makes delamination
from the rougher underlying AlAs layer surfaces more likely during oxidation.
As-grown structures do not suffer from obvious structural deformation before oxidation,
even in cases of heavily strained absorbers resulting from the lattice mismatch between the
absorber and the underlying Bragg stack. However, upon cleaving partially oxidized struc-
tures to examine the layer cross-section in the unoxidized regions, interfacial delamination
is observed. In agreement with the discussion above, Figure 5-2(b) shows that if the layers
do delaminate due to the cleave that is required to do SEM analysis, the delamination will
be most severe at the rougher AlAs(bottom)/GaAs(top) interface.
5.1.1 Effect of oxidation temperature on delamination
Aside from determining the rate of oxidation, the oxidation temperature has been found to
directly influence layer delamination [66]. In fact, delamination is so temperature-sensitive
that it is imperative to calibrate the process for the position of the samples inside the
furnace. The initial assumption that the sample location in the furnace did not matter
much as long as the samples were placed roughly in the centre of the furnace was quickly
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(a) (b)
Figure 5-2: SEM showing cross-section of an unoxidized Bragg stack. Cleave-induced inter-
facial delamination is observed in (b) at the noticeably rougher GaAs (top)/AlAs (bottom)
interfaces.
disabused as results showed that unrecorded variations in the sample location translated to
significant temperature deviations from run to run, making it impossible to reproduce any
good oxidation results.
Figure 5-3 is the result of temperature versus location calibrations for the furnace that
was used in this work. In order to determine the temperature profile of the furnace, four
identical samples were placed on a 5-inch boat, whereby Positions A, B, C and D each
separated by about an inch. Position A is upstream, while Position D is downstream with
respect to oxidant flow. The identical samples were oxidized simultaneously at a set point
temperature and the oxidation depths were compared. After several such calibration runs
that involved oxide depth comparisons at various temperatures and times, the combination
of experimental and model predictions from Section 4.2 along with melting point measure-
ments of known materials determined that the central zone of the furnace was no longer
than -1.5 inches as shown in Figure 5-3.
All of the mesas is the following studies are comprised of a 7.5 pair GaAs/AlAs mir-
ror stack. Figure 5-4 shows the results of one such temperature-location calibration run.
The partially oxidized samples that are shown are 1.55im-centered circular DBR struc-
tures with 240nm-thick AlAs layers. The four identical samples were placed in Positions
A-D and oxidized simultaneously at a set point of 420'C for 2 hours. The microscope
images show equivalent oxidation depths at Positions A and D, and equivalent depths at
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Figure 5-3: Temperature profile of the oxidation furnace
zone of ~1.5 inches.
showing a uniform central heating
Position B and C, in agreement with the temperature profile that is depicted in Figure 5-3.
The difference in the depth of oxidation between the samples in Figures 5-4(a) and 5-4(b),
and likewise between Figures 5-4(c) and 5-4(d) corresponds to a 25'C offset over just 1
inch. The awareness of this unforgiving temperature profile is crucial in not only develop-
ing reproducible oxidation processes, but in minimizing delamination due to sub-optimal
temperature conditions.
(a) Position A (b) Position B (c) Position C (d) Position D
Figure 5-4: Optical microscope images looking down at the top surfaces of partially oxidized
circular mesas that were oxidized at 420 C for 2 hours. The thickness of the AlAs layers is
240nm.
A similar temperature calibration using the same DBR samples and oxidized at 4200 C
but this time for 5 hours was performed with the results of the oxidation shown in Figure
5-5. The other oxidation parameters such as water bath temperature and gas flows were
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kept the same. In the case of the 5-hour calibration, some delamination is observed, and
is most pronounced for the samples that were placed at Positions B and C, which are at
a higher temperature than the samples at Positions A and D. The results that are shown
in Figure 5-5 were some of the initial indications of the influence of sample location and
therefore temperature, on delamination. Because the samples were oxidized simultaneously,
the only variable among some of them was the oxidation temperature. If some of the mesas
were more delaminated than others, the only explanation is that the delamination was
temperature-induced.
(a) Position A (b) Position B (c) Position C (d) Position D
Figure 5-5: Optical microscope images looking down at the top surfaces of partially oxidized
circular mesas that were oxidized at 420'C for 5 hours. The thickness of the AlAs layers is
240nm.
With the knowledge of the temperature profile of the furnace, optimization of the oxi-
dation process to ensure complete oxidation and with minimal delamination for the various
SBRs under investigation was performed. For each of the runs that followed, the samples
were placed in one of the four positions A-D or anywhere in between with a record made
of exactly where the samples were placed.
Figures 5-6 and 5-7 show a few of the results of the partial oxidation from DBR mesa
structures with 240 nm-thick AlAs layers. The oxidation temperature and time were the
control parameters under optimization. The mesas that are shown in Figure 5-6 were
oxidized at 438'C, 425'C and 420'C for 5 hours, all at Position A. Delamination occurred
in each of the samples, but was significantly more pronounced for the mesa oxidized at
438'C. The mesas that are shown in Figure 5-7 were oxidized at 430'C and 425'C for
5.5 hours, also at Position A. Some delamination is observed in the mesa that is oxidized
at 430'C (Figure 5-7(a)), but none in the mesa that was oxidized at 425'C (Figure 5-
6(b)). Appendix B contains a table of all the oxidations that were performed in order to to
achieve complete oxidation of all the SBRs (and DBRs) that were considered in this thesis.
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The samples shown thus far have only been partially oxidized. In order to complete the
oxidation, there are three options: (1) extend the duration of oxidation at low temperatures,
or (2) increase the temperature to keep the times reasonable, or (3) increase both oxidation
time and temperature. However, increasing temperature has been shown to increase the
risk of delamination. Optimizations for temperature and time were carried out with results
such as those shown in Figure 5-7. The samples in Figure 5-6 and 5-7 were placed in the
same position and oxidized for 5 and 5.5 hours respectively. As long as a structure was
not completely oxidized, an increased oxidation duration did not increase the chances of
delamination. This can be seen by comparing Figures 5-6(b) and 5-7(b) where the two
mesas were oxidized at 425'C but for 5 and 5.5 hours respectively. Temperature is again
observed to increase the chances of delamination by comparing Figure 5-7(a) in which the
structure was oxidized at 430'C without delamination and Figure 5-7(b) in which structures
were oxidized at 425 C without delamination.
(a) 438'C (b) 425*C (c) 420'C
Figure 5-6: Optical microscope images looking down at the top surfaces of partially oxidized
circular mesas that were oxidized for 5 hours. The thickness of the AlAs layers is 240nm.
The oxidation temperature is (a) 438'C, (b) 425'C and (c) 420'C.
5.1.2 Effect of AlAs layer thickness on delamination
Section 4.2.6 showed that the rate of oxidation has a dependence on the thickness of the
oxidizing AlAs layer. In addition to influencing the oxidation rate, the AlAs layer thickness
also has an effect on the likelihood of layer delamination during oxidation. Similar inves-
tigations to those above were carried out whereby multiple samples with different AlAs
layer thicknesses were oxidized side by side and comparing the results of each oxidation.
As expected, the structures that had thicker AlAs layers always oxidized faster than those
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(a) 430'C (b) 425-C
Figure 5-7: Optical microscope images looking down at the top surfaces of partially oxidized
circular mesas that were oxidized for 5.5 hours. The thickness of the AlAs layers is 240nm.
The oxidation temperature is (a) 430 C and (b) 425'C.
with thinner AlAs layers. Figure 5-8 shows the oxidation rate dependence on AlAs layer
thickness. The samples were oxidized side by side but in the same position along the length
of the furnace and oxidized at 420 C for 2 hrs. Figure 5-8(a) is a mesa with 240 nm-thick
AlAs layers, which at this temperature and duration have not completely oxidized, while
Figure 5-8(b) shows an almost fully oxidized mesa with 450 nm-thick AlAs layers. In addi-
tion, beyond certain lengths of time, the thicker AlAs layer structures began to delaminate,
while the thinner AlAs structures remained relatively undeformed.
(a) 420'C 2 hrs, a=240nm (b) 420'C, 2 hrs, a=450nm
Figure 5-8: Optical microscope images looking down at the top surfaces of partially oxidized
circular mesas that were oxidized at 420'C for 2 hours. The thickness of the AlAs layers is
(a) 240nm and (b) 450nm.
The effect of extending the oxidation duration beyond the time that is required to fully
laterally oxidize the sample was investigated. Figure 5-9 shows that for the same temper-
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ature and time, the thicker AlAs layer structures began to delaminate at a certain point
when over-oxidized. Once a mesa structure has been fully oxidized and the oxidation fronts
have coalesced, if the oxidation is allowed to carry on longer than necessary, delamination
occurs.
(a) 420'C, 5 hrs, a=240nm (b) 420'C, 5hrs, a=450nm
Figure 5-9: Optical microscope images looking down at the top surfaces of partially oxidized
circular mesas that were oxidized at 420'C for 5 hours. The thickness of the AlAs layers is
(a) 240nm and (b) 450nm.
The rate of oxidation of the underlying Bragg mirror is also shown to be influenced by the
presence of the saturable absorber. Figure 5-10(a) is an image of a partially oxidized inverted
DBR structure without an absorber, while Figure 5-10(b) is an image of a simultaneously
oxidized SBR structure with a 60 nm InAs absorber. The AlAs layers are 450nm-thick
in both DBR and SBR structures. No preferential delamination is observed in the DBR
structure versus the SBR; an indicating that while the presence of an absorber influences the
rate of oxidation in SBRs, the defects and/or strain that may exist in a lattice mismatched
absorber section do not make translate to structural deformation during the oxidation
process.
Optimizations of the oxidation process for AlAs layer thickness as well as temperature
and time were performed on DBR samples centered at 2.45pm with AlAs thicknesses of
~450nm. Figure 5-11 shows two mesa structures oxidized at 415'C and 410'C for 5.5
hours. Figure 5-11(a) shows an almost fully oxidized mesa with delamination whereas in
Figure 5-11(b) no delamination is observed, however the oxidation has not progressed as far.
This results illustrates the tradeoff between increasing temperature to speed up oxidation
and the resulting surface quality.
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(a) a=450nm, no absorber (b) a=450nm, 50nm absorber
Figure 5-10: Optical microscope images looking down at the top surfaces of inverted mesas
that were oxidized at 420'C for 2 hours. The thickness of the AlAs layers is 450nm. Sample
(a) is a DBR, Sample (b) is an SBR with a 50nm InAs absorber.
(a) 415'C, 5.5 hrs (b) 410'C, 5.5 hrs
Figure 5-11: Optical microscope images looking down at the top surfaces of partially oxi-
dized circular mesas exposed to oxidation for 5.5 hours. The thickness of the AlAs layers is
450nm. The oxidation temperature is (a) 415'C and (b) 410'C.
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5.2 Structural changes due to oxidation
5.2.1 Surface Texture Analysis
The texture of a surface refers to the random or periodic deviations from an ideal surface. In
the case of the oxidized structures that were developed in this work, the baseline for what
is considered ideal is the pre-oxidation state of roughness or smoothness; oxidized SBR
mesas can only be as smooth as they were after epitaxial growth but before processing.
Characterization of surface texture is useful in designing and optimizing the fabrication
process so as to minimize the deviations from the ideal. Stylus profiling using a Tencor
P16 profilometer was used to measure and compare the surface texture before and after
oxidation. The sample is mounted on an optically flat precision stage as the stylus moves
across the surface, detecting roughness variations as small as ten angstroms. Surface texture
characteristics such as roughness and waviness can be investigated depending on the spacing
of the deviations.
High frequency roughness and low frequency roughness waviness can originate during
epitaxial growth and post-growth fabrication, whereby each process may tend to produce
one texture or the other. Roughness, which can be thought of as the finer random irregu-
larities of the surface texture, most likely results from defects due to misfit dislocations in
lattice mismatched films. This roughness can be seen by the naked eye as a cloudiness on the
wafer surface after growth. Waviness, which is the more widely spaced repetitive deviation,
may be attributed to warping due to the high temperature oxidation process. A typical sur-
face will usually have roughness and waviness superimposed on each other. To accurately
measure surface roughness, the more widely-spaced waviness deviations had to factored
out of the calculations. Conveniently, the P16 profilometer has an operator-selectable high
pass filter to differentiate roughness from waviness. High frequency signals above a selected
cutoff length are then passed to the roughness algorithms. As such, quantities such as Ra
(average roughness) as well as Rrms (root-mean-square roughness) are calculated using only
the high frequency roughness data. Similarly, a low pass filter removes roughness compo-
nents from the waviness calculations. Table 5.2.1 summarizes the values of roughness for
a variety of DBR and SBR structures before and after their respective optimal oxidation
processes. A full description of the structures can be found in Appendix A. Conventional,
unoxidized SBRs were also analyzed and their values are included for comparison. Average
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roughness, Ra and root mean square roughness, Rrms are reported. While Ra is a measure
of general variations, Rrms is the key metric as Rrms is more sensitive to peaks and valleys
than Ra. Values for Rrms are the squared amplitudes of the deviation from the mean value,
making it possible to detect deviations on the order of a few angstroms.
Table 5.1: Summary of roughness and waviness values for DBR and
SBR structures.
Sample Structure Before After
Ra(A) Rrms(A) Ra(A) Rrms(A)
VA130 SBR 0.91pm 5.3 6.8 11.6 14.9
VA174 DBR 1.55tm 7.3 9.0 22.7 28.5
VA176 SBR 1.55prm 8.6 10.2 11.2 14.3
VA175 DBR 2.45pm 6.6 8.2 20.5 23.8
VB123 SBR 2 .4 5tm 36.4 45 79.4 95.5
VA86 SBR1  1.55pm 7.3 9.8 - -
VA172 SBR 2  2.50pm 8.3 9.0
1 Narrowband 1.55pm SBR; 100% semiconductor
2 Narrowband 2.50pm SBR; 100% semiconductor
As depicted in Table 5.2.1, surface texture analysis indicates comparable values for
roughness before and after oxidation. Zero values of waviness were measured in all the
samples. In general, oxidized samples are a little rougher, resulting from the structurally-
altering oxidation process. However, the post-oxidation roughness is on the same order of
magnitude as before oxidation. Furthermore, all Rrms values for the oxidized SBRs are
much smaller than the Rayleigh roughness criterion at their respective center wavelengths
of operation at normal (900) incidence. While just a guide, the Rayleigh criterion defines
a surface as rough if d > A/(8 sin(O)), where d is the measured surface roughness, A is the
wavelength of light, which in the case of the SBR is the center wavelength of the laser for
which it is designed and 0 is the angle of incidence of the light on the SBR. As an example,
VB123 the 2.45 pm-centered oxidized SBR has a measured Rrms = 95.5 A after oxidation.
The SBR surface would have had to be 3000 A rough, an order of magnitude higher than
the measured roughness value, in order to be considered optically rough in a 2.45 p-m laser
system hitting the SBR at normal incidence. This is indication that the oxidation process
does not introduce performance-suppressing roughness in oxidized SBR devices.
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5.2.2 X-Ray Diffraction Analysis of absorber
High resolution X-Ray diffraction measurements were taken to determine whether there was
a change in strain relaxation of the absorber after the oxidation process. A Bruker D8 High
Resolution X-Ray Diffractometer (HRXRD) was used to analyze calibration samples. This
is a very widely used tool which measures HRXRD as well as X-Ray reflectometry (XRR)
on non-lattice matched multilayer stacks. XRD and XRR are fields of study on their own,
the specifics of which are beyond the scope of this thesis but in summary, diffraction effects
are observed when the X-Rays impinge on periodic structures with variations on the length
scale of the wavelength of the X-Ray radiation. The interatomic distances in crystals and
molecules are on the order of a few angstroms, which corresponds to the wavelength of
X-Rays. As in optics, phenomena such as constructive and destructive interference become
observable when crystalline materials are exposed to X-Rays. The geometry of an X-Ray
diffractometer is such that the sample rotates in the path of the collimated X-Ray beam at
an angle 0, while the X-Ray detector mounted on an arm to collect the diffracted X-Rays
rotates at an angle of 26. As the sample and detector are rotated, the intensity of the
reflected X-Rays is recorded. When the geometry of the incident X-Rays impinging on the
sample satisfies the Bragg Equation (nA = 2d sinO), constructive interference occurs and a
peak in intensity is observed.
In this study, the effects of the high temperature, extended duration oxidation process on
the saturable absorber are investigated. Because of the large area field of inspection of the
diffractometer, it was not possible to analyze micrometer scale mesas. Instead, the samples
that were used in this investigation were unpatterned, but comprised of a representative
InAs absorber section that was grown on a GaAs substrate, as are all of the SBRs that are
described in this thesis. The samples underwent a standard oxidation process, after which
they were analyzed using XRR.
One of the samples that was analyzed was sample VB119, which comprised of 100nm
of InAs with a 200nm GaAs cap. Since the lattice constant of InAs is approximately 7%
larger than that of GaAs, in-plane strain is induced in the absorber to accommodate the
lattice mismatch with the substrate. The consequence of having a large amount of strain is
the formation of dislocations in an effort to relieve some of the strain in a pseudomorphic
film. The dislocations originate from the GaAs/InAs interface and allow it to relax to its
unstrained bulk value. In other words, as growth progresses and the lattice mismatched
layer exceeds the critical thickness at which dislocations begin to form, the strain in the
InAs layer relaxes because it is more energetically favorable to do so. The InAs layer of this
calibration sample isl0Onm-thick, a value greater than the critical thickness on GaAs. As
such, the InAs is not expected to relax any further during the oxidation process.
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Figure 5-12: The measured rocking curve of sample VB119 before and after oxidation.
Before: The peak of InAs is observed on the left of the dominant GaAs substrate peak.
After: The rocking curve of the sample after a standard oxidation at 420 C for 5 hours.
There is no shift of the peak corresponding to the InAs absorber layer following the high
temperature 'oxidation' process.
Figure 5-12 shows 29 scans of sample VB119 before and after oxidation. The most
prominent feature of both spectra is the substrate peak at about 660. A less dominant
InAs peak at about 61' is also observed. The results show that after a standard oxidationi
process at 420 C for 5 hours, the peaks corresponding to both layers, in particular the InAs
absorber film are both present and at the same angular location, an indication that the
oxidation process did not alter the strain or lattice parameter of the InAs absorber. This
can be understood as follows: the lattice constants of films determine the angle of incidence
that will result in constructive interference i.e. the angular location of the X-Ray diffraction
'This is a standard oxidation process with steam flowing as usual, except that there were no underlying
AlAs layers to oxidize.
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peak from that film. A change in the relaxation of a film, temperature-induced in this case,
would result in a change of the lattice constant of that film. This lattice constant change
would be observed as a shift in the angular location of the X-Ray peak from that film.
The two scans in Figure 5-12 of X-Ray diffraction from an absorber-only calibration sample
show that the X-Ray peaks are at the same angular location before and after the oxidation
process. This is strong indication that the oxidation process did not change the relaxation
of the InAs absorber.
5.3 Conclusion
Creating broadband SBRs for femtosecond laser systems through the thermal oxidation
of AlAs layers presents challenges, the most notorious of which are the effects that the
oxidation process has on structural stability. In this section, the origin and causes of de-
lamination are explored and solutions are presented to mitigate this structural deformation
that renders SBRs unusable for pulse generation applications. The conversion of multiple
underlying AlAs layers from semiconductor also raises the question: what effects does this
high temperature process have on the saturable absorber, without which mode-locking is
not possible? In this study, the effects of the high temperature, extended duration oxida-
tion process on the saturable absorber are investigated. The results show that as long as a
structure does not delaminate, the oxidation process does not introduce structural changes
to the absorber.
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Chapter 6
Optical Characterization of
Structures
6.1 Introduction
A variety of III/V-based SBRs have been developed for use in femtosecond and picosecond
laser systems at wavelengths ranging from 900 nm to 2450 nm. Near IR SBRs were de-
signed for Cr:LiSaF and Erbium-doped fiber lasers at 0.91 pm and 1.55 pum respectively.
High modulation depth mid-IR SBRs centered at 2.45 pm for Cr:ZnSe were also developed.
The layer structures of each SBR were chosen based on the desired wavelength and the mod-
ulation depth that is required by the laser system to induce mode-locking. Considerations
were also made for tolerable losses and recovery times.
With properly engineered layered structures and a controlled large scale oxidation pro-
cess, large area devices were fabricated, characterized and incorporated in their respective
laser systems. The broadband SBRs were fabricated in Professor Kolodziejski's group at
MIT, with Dr. Gale Petrich performing the growth of the structures, and the author im-
plementing the post-growth fabrication. The structures were implemented in laser systems
by collaborators in Professor Fujimoto's group including Jing Wang, Duo Li and Dr. Umit
Demirbas, who designed the 0.91 pm absorbers. The characterization of the 1.55 Pm SBRs
was performed in collaboration with Professor Ippen's group with Jonathan Morse col-
laborating on the implementation into an Erbium-doped fiber laser and Katia Shtyrkova
collaborating on the non-saturable loss measurements using an Optical Parametric Oscil-
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lator (OPO). From Professor Krtner's group, Michelle Sander collaborated on the design
and characterization of 1.55 pm, as well as the design of 2.45 pm SBRs.
6.2 Large area broadband III/V saturable Bragg reflectors
for Cr:LiSAF laser
Complete transformation of the low index layers from AlAs to even lower index Al.O,
was verified by inspection under interference contrast microscopy and scanning electron
microscopy (SEM). Figure 6-1(a) shows a completely oxidized circular SBR mesa that was
designed to mode-lock a Cr:LiSAF laser. The low index AlAs layers were oxidized at 425 C
for 8 hours. Complete oxidation was achieved with no delamination of the A10 17Gao.s3As
(60nm)/ AlAs (150nm) layered structure. The SEM image shown in Figure 6-1(b) also
demonstrates complete oxidation of the AlAs layers. Figure 6-1(b) also illustrates the
distinct polycrystalline-on-single-crystal microstructure of the oxidized SBR structure. The
crystalline Al0 .17Gao.83As high-index layers appear smooth due to their distinct crystal
planes while the polycrystalline Al2O, low-index layers appear disordered.
500 Im
(a) (b)
Figure 6-1: (a) Differential interference contrast images showing the plan-view of a 7 pair
Al0.17Gao. 83As (60nm)/ AlAs (150nm) structure after oxidation at 425'C for 8 hrs. (b)
SEM image showing the SBR cross-section.
Reflectivity measurements that were taken using a spectroscopic reflectometer were used
to characterize the performance of the oxidized dielectric stack as a broadband mirror. The
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reflected light intensities are measured over a broad wavelength range. In this setup, non-
polarized light is shone at normal incidence on a mesa and is reflected. The reflectance
measurements (Figure 6-2) show the reflectivity of the oxidized A10.17Gao.83As (60nm)/
AlAs(150nm) structures. The high dielectric contrast between layers in the oxidized struc-
ture creates a mirror with a high reflectivity over a broad wavelength range. The measure-
ments in Figure 6-2 reveals a slight absorption loss originating from the SBR's absorber
layer. Absorption loss results in a decrease in the reflectivity of the SBR towards decreasing
wavelength.
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Figure 6-2: Reflectance measurements of the oxidized Alo.17Gao.83As
VA130 SBR mesas.
(60nm)/ AlAs(150nm)
Sample VA130 was used to initiate and sustain mode-locking of a low-cost diode-pumped
Cr:LiSAF laser system with a mode-locking tuning range of >100nm. The Bragg mirror
alone, without the absorption losses has a high reflectivity bandwidth of ~350nm due to
the high index contrast (An ~ 1.7) between the layers. Typically in conventional all-
semiconductor SBRs, the low index contrast (An ~ 0.5) between the layers results in narrow
bandwidth mirrors (~70 nm). This narrow bandwidth limits the mode-locking tuning range
to about 50 nm [90]. Figure 6-3 is a schematic of the diode-pumped Cr:LiSAF laser system
that was used in the femtosecond tuning experiments [91]. By rotating a birefringent (BR)
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tuning plate, the central wavelength of the mode-locked pulses was continuously tuned.
M1
mm 75 mm
DCM
HR
Dichr
M2 filter5mm.. f=65 mm
BR tuning
plate
(CW) BR=Birefringent plate
OC=Output Coupler
Oxidized SBR PBS=Polarizing beam splitter
DCM=Double-chirped mirror
D= Diode
Figure 6-3: Schematic of the single-mode diode-pumped Cr:LiSAF laser system that was
used in femtosecond tuning experiments [91].
Figure 6-4 summarizes the tuning results that were obtained with the Cr:LiSAF laser
that was mode-locked by the broadband oxidized SBR. Mode-locking was self-starting and
robust against environmental fluctuations unlike in Kerr lens mode-locking where a per-
turbation is required to initiate mode-locking and the device performance is very sensitive
to external vibrations. Continuous tuning from 800 nm to 905 nm was achieved. Figure
6-4 shows the optical spectra that were taken in ~10 nm intervals within the continuous
tuning range. The calculated small signal and saturated reflection of the oxidized SBR
are also shown. This is the broadest tuning range reported from any SBR mode-locked
femtosecond solid state laser. The laser tuning range was limited by the gain bandwidth of
the Cr:LiSAF gain medium on the short wavelength end, and by the absorption band edge
of the Ino.15Gao.85Aso.85 absorber on the long wavelength end (~920 nm).
Figure 6-5 shows the measured pulse width and pulse energy within the tuning range.
The average pulse duration and pulse energies were ~140 fs and ~2 nJ, respectively.
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Figure 6-4: Optical spectra from the tunable Cr:LiSAF laser. Broadband tuning over 105nm
is achieved. Small signal and saturated reflectivity of the oxidized SBR are also shown [91].
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Figure 6-5: Variation of the measured output pulse width and pulse energy over the demon-
strated tuning range [91].
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6.3 Large area broadband III/V saturable Bragg reflectors
for Ti:Sapphire and Erbium-doped fiber laser
Complete oxidation was also achieved for SBRs with a center wavelength of A = 1.55pum as
observed under interference contrast microscopy and scanning electron microscopy. Figure
6-6 shows a completely oxidized circular SBR mesa that was designed to mode-lock an
Erbium-doped fiber laser. The low index AlAs layers were oxidized at 415'C for 8 hrs.
Complete oxidation was achieved with no delamination of the the GaAs(115nm)/ AlAs
(240nm) layered structure. The SEM image that is shown in Figure 6-6(b) demonstrates
complete oxidation of the AlAs layers as demonstrated by the distinct polycrystalline/single
crystal nature of the oxidized SBR layered structure.
(a) (b)
Figure 6-6: (a) Differential interference contrast images showing the plan-view of a 7 pair
GaAs(115nm)/ AlAs (240nm) structure after oxidation at 415'C for 8 hrs. (b) SEM image
showing the SBR cross-section.
Fourier Transform Infrared (FTIR) spectroscopy was conducted as a complement to
SEM analysis. This non-destructive technique confirmed the complete transformation of
the low index layers from AlAs to Al2OY to create broadband mirrors by measuring the
reflectance spectrum. First, a reflection spectrum of the broadband IR source is measured
using a gold standard. This is the "background spectrum", which contains information
about any thermal emission characteristics of the light source and absorption of the opti-
cal elements. Second, the reflected spectrum from a mesa is measured; this is the sample
spectrum. The ratio of the sample spectrum to the background spectrum is directly re-
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lated to the sample's reflection spectrum and is shown in all the FTIR plots in this section.
The mesa is expected to reflect wavelengths within the photonic stopband of the structure,
causing the spectrum of oxidized samples to be distinctly different from that of unoxidized
samples, whose pre-oxidation layer thicknesses are out of phase with each other. FTIR
spectra in this work were obtained with a Thermo-Fischer Scientific Model 6700 spectrom-
eter. Spectra were obtained at a resolution of 2 cm- 1 with each spectrum corresponding
to the co-addition of multiple scans. The reflected signal was detected by a medium-band
liquid N2-cooled MCT detector.
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Figure 6-7: FTIR measurement of the partially oxidized circular mesa. The measurement
of the oxidized region was from the outer area of the circular mesa while the measurement
of the unoxidized region was from the center of the mesa.
The reflectance measurements that is shown in Figure 6-7 contrasts the reflectivities of
the oxidized and unoxidized GaAs(115nm)/AlAs (240nm) structure of a partially oxidized
circular mesa. The high index contrast between the layers in the oxidized structure creates
a mirror with a high reflectivity over a broad wavelength range, while the reflections in
the unoxidized sample are not able to constructively interfere in a similar fashion. This
measurement verifies that after the oxidation process, high index contrast Bragg mirror
stacks were created.
The main benefit of oxidized SBRs lies in the increased reflectivity bandwidth. This is
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seen in Figure 6-8 where the bandwidth of the oxidized SBRs is much broader than that of
the conventional all-semiconductor SBRs. Since the reflectance spectra that was measured
by the FTIR are SBR reflectance spectra divided by gold mirror reflectance spectrum,
absolute reflectivity was not determined. However, in all the spectra shown, the locations
of spectral features are accurate and can be compared from sample to sample. In Figure 6-8,
both measurements reveal a slight absorption losses originating from the SBR's absorber
layer.
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Figure 6-8: FTIR measurement of narrowband (VA86) versus broadband (VA176) SBR for
laser systems at 1550nm showing the broad bandwidth in the oxidized SBRs due to the
increased index contrast of the Bragg mirror.
Stable mode-locking of a free-space Erbium-doped soliton fiber laser (Figure 6-9) was
achieved at A,=1556 nm, demonstrating the overall good performance of the oxidized SBR.
Mode-locking was initiated and sustained using circular mesa SBR structures from wafer
VA176. The Erbium gain fiber was pumped with 980 nm light at various powers. Mode-
locking was achieved at a threshold pump power of 270mW, yielding a mode-locked spec-
trum with a 3-dB spectral bandwidth of 5.7 nm. Increasing the gain pump power beyond the
threshold power increased the dispersive and non-linear effects in the laser cavity, resulting
in more frequency components being supported, consequently increasing the mode-locked
spectral bandwidth of the laser.
142
1.5 2 2.5 3 3.5 4
Wavelength (jm)
Figure 6-9: Schematic of the single-mode Erbium-doped fiber laser system that was used
in mode-locking experiments with the oxidized SBR VA176 A,=1550 nm.
Steady mode-locking was initiated at a threshold pump power of 270 mW and main-
tained as the pump power was increased to ~415 mW. Figure 6-10(a) is an optical spectral
analyzer (OSA) trace at a pump power of 400 mW, that shows a 3-dB spectral bandwidth
of 8.4 nm, corresponding to a transform-limited pulse duration of 296 fs at a repetition rate
of 314 MHz (Figure 6-10(b)). The repetition rate is determined by the length of the laser
cavity. This mode-locking result was right at the stability boundary of the laser system
because beyond this pump power, the laser became unstable and began to show signs of
multiple pulsing, eventually reverting back to continuous wave emission. Continuous broad-
band mode-locking tunability is made possible by the use of oxidized SBRs and if achieved,
would be limited only by the location of the absorber band edge and the gain bandwidth
of the laser system. In this fiber laser system, the full broad bandwidth of the SBR could
not be fully demonstrated as the spectral bandwidth is mostly determined by gain filtering
and self-phase modulation.
SBR mesa alignment to the laser beam was achieved with the aid of precise translation
stages. The free-space laser setup, compared to a butt-coupled configuration for example,
allowed for easier location of the 500 tm circular mesas, as well as easier adjustment of
the fluence, which can be achieved by changing the focal length of the aspheric lens that
precedes the SBR. In the butt-coupled laser, the SBR is in physical contact with the end of
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Figure 6-10: (a) Optical Spectrum Analyzer (OSA) trace of a mode-locked pulse centered
at A,=1555 nm with a 3-dB spectral bandwidth of 8.5 nm using the oxidized circular mesa
SBRs from VA176. (b) Mode-locking is achieved at a repetition rate of 314 MHz.
the fiber, which makes alignment and the changing of optics a bit challenging. Higher pulse
repetition rates than 314 MHz can be realized by lengthening the laser cavity with the use
of longer single mode fibers (SMF). Mode-locking of a 1 GHz butt-coupled Erbium-doped
fiber laser was attempted. However, increasing the pulse repetition rates meant that higher
average pulse energies were incident on the mesa. The SBR experienced thermal damage
at this repetition rate.
Figure 6-11 shows the theoretical reflectivity of the layered structure, as well as FTIR
spectra from the circular mesa and Inverted Mesa Saturable Bragg Reflector (IMSBR)
devices. The experimental data from the two geometrical devices agrees very well with the
model, as well as with each other, confirming that the reflectivity of fully fabricated devices
is independent of the device geometry. All three curves reveal broad reflection bandwidths
of ~ 600nm with saturable losses originating from the absorber layer. Implementation
of the IMSBR devices in a A = 2450 nm laser system has been carried out with the
expectation that mode-locking should be similar to circular devices with the additional
benefit of easier alignment to the laser beam, making IMSBRs practical for real world
ultrafast lasers. Currently, this approach is also being extended to the development of
IMSBRs at various wavelength ranges, where other broadband laser materials are available.
The design, fabrication and implementation of IMSBR devices, which should enable the
same broadband mode-locking tunability as circular mesas but with the alignment benefit
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Figure 6-11: Theoretical and FTIR reflectivity plots of the circular and IMSBR devices
that are centered at A, = 1550 nm showing the broad reflection bandwidth of the oxidized
SBRs.
relative to the circular mesa devices, has been accomplished. Steady mode-locking was
initiated at a pump power of 275 mW and maintained as the pump power was increased to
~490 mW. Figure 6-12 is an optical spectral analyzer (OSA) trace at a pump power of 490
mW, that shows a 3-dB spectral bandwidth of 7.5 nm, corresponding to a transform-limited
pulse duration of 336 fs at a repetition rate of 312 MHz (Figure 6-12(b)).
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Figure 6-12: (a) Optical Spectrum Analyzer (OSA) trace of a mode-locked pulse centered
at A,=1556 nm with a 3-dB spectral bandwidth of 7.5 nm using the oxidized inverted mesa
SBRs from VA176. (b) Mode-locking is achieved at a repetition rate of 312 MHz.
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6.3.1 Non-Saturable loss measurements
Non-saturable losses in SBRs are undesirable and are caused by transmission and absorption
of the light by the Bragg mirror or by scattering from a rough top layer. In order to further
understand the limitations of using broadband SBRs, the non-saturable losses that were
introduced by the oxidized sample VA176 into the laser cavity were investigated. The
losses were measured using the three-part measurement scheme that is illustrated in Figure
6-13 and involves a series of reflectance traces of 150-fs pulses that were emitted at a rep rate
of 80 MHz and were centered at 1550 nm from a Ti:Sapphire-pumped Optical Parametric
Oscillator (OPO). The OPO is a stable laser source that is typically used in pump-probe
measurements, whose pulse beam for the sake of this experiment, was diverted to the setup
that is shown in Figure 6-13. The first part (I) of the experiment was to calibrate the two
detectors by measuring the power readings P1 and P2 as the fluence was increased. Since
the beam is separated by a 50:50 beam splitter, the two power readings were expected to be
approximately the same. Special care was taken in checking the detector linearity under low
power regimes, as well as at high power when the SBR is saturated. The second part (II) of
the experiment involved measuring the reference reflectivity, P3 of a commercially available
dielectric mirror. The third and last part (III) of the experiment was measuring the SBR
reflectivity, P4, and ratioing that to the reference reflectivity, P3, that was measured in (II).
The fluence incident on the SBR mesa was adjusted using 15, 10 and 5 dB filters in
that order in conjunction with a variable ND filter wheel. Aspheric lenses were used to
focus the beam onto both power meters, as well as the dielectric mirror and SBR so as
to maintain accuracy especially as the ND filters were swapped from one fluence range to
the next. The challenge with the setup was that it was not straightforward to know when
the saturable absorber layer was right at the focal point, since the saturable absorber is
underneath a cap layer. If the absorber is not right at the focal point, saturation may not
be observed because there would not be enough energy per unit area to bleach the absorber.
The way non-saturable loss measurements are performed in the more complicated pump-
probe technique is the following: the sample is moved in and out of the focal plane by a
small distance, and a trace is taken in each case. When the trace has a maximum zero-
delay reflectivity1 , the sample is at the focal plane and the absorption curve at various
fluences is measured. Using the same pump-probe idea with this setup, the focal plane was
'The reflectivity at the position when there is a zero time delay between the pump and the probe signal
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Figure 6-13: Schematic of the setup used to quantify non-saturable losses in oxidized SBRs.
The three-part experiment utilized a 1550 nm OPO emitting a steady stream of 150-fs
pulses at a repetition rate of 80 MHz.
experimentally located by taking the reflectivity measurements at known distances from the
aspheric lens before the SBR. The placement of the SBR was adjusted in 0.5 mm increments,
while measuring the reflectivity trace at each position.
The results in Figure 6-14 show that for fluences above saturation, a maximum re-
flectance value of about 98% relative to the dielectric mirror was measured for an SBR
mesa sitting 9.5 mm from the lens. This result indicates a non-saturable loss of about
2%. This low non-saturable loss figure of merit demonstrates that it is possible to fabricate
broadband oxidized SBRs without having to incur a huge trade-off in surface quality.
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Figure 6-14: Representative reflectance traces from a circular mesa of VA176 as the fluence
is increased at four positions. Estimates of the percentage noise error are added onto the
data. A non-saturable loss of ~ 2.5% is recorded 9.5mm away from the focussing lens.
6.4 Large area broadband III/V saturable Bragg reflectors
for Cr:ZnSe laser
Complete oxidation was also achieved for SBRs with a center wavelength of , = 2 .4 5pIm as
observed under interference contrast microscopy and scanning electron microscopy. Figure
6-15 shows a completely oxidized inverted SBR mesa that was designed to mode-lock a
Cr:ZnSe laser. The low index AlAs layers were oxidized at 425'C for 8 hrs. Complete
oxidation was achieved with no delamination of the GaAs(181nm)/ AlAs (410nm) layered
structure. The SEM image that is shown in Figure 6-15 demonstrates complete oxidation
of the AlAs layers as demonstrated by the distinct polycrystalline/single crystal nature of
the oxidized SBR layered structure.
FTIR spectroscopy was conducted to complement SEM analysis and also confirmed the
complete transformation of the low index layers from AlAs to Al,O to create broadband
mirrors. FTIR reflectivity spectra were also measured using the same Thermo-Fischer Scien-
tific Model 6700 spectrometer at a resolution of 2 cm-1 with each spectrum corresponding to
the co-addition of multiple scans using a medium-band liquid N2 cooled MCT detector.The
reflectance measurements that are shown in Figure 6-16 contrasts the reflectivities of the
oxidized and unoxidized GaAs(181nm)/AlAs (410nm) structure of a partially oxidized cir-
cular mesa. The high dielectric contrast between layers in the oxidized structure creates
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Figure 6-15: Differential interference contrast images showing the plan-view of a 7 pair
GaAs(181nm)/ AlAs (410nm) structure in the inverted geometry (150pm center-center
spacing) after full oxidation at 425'C for 8 hrs. SEM images showing the SBR cross-section
also indicate complete exposure of oxidizing AlAs layers and complete oxidation.
a mirror with high reflectivity over a broad wavelength range. This measurement verifies
that after the oxidation process, high index contrast Bragg mirror stacks were created.
The increased reflectivity bandwidth benefit from oxidized SBRs is shown in Figure 6-17
where the bandwidth of the oxidized SBRs is much broader than that of the conventional
narrowband SBRs. The reflectance spectra is measured by the FTIR are SBR reflectance
spectra divided by gold mirror reflectance spectrum to account for wavelength dependences
of source and detector. As with the 1.55pm SBRs, absolute reflectivity was not determined.
Sample VB123 is currently being tested to initiate and sustain mode-locking of a free-space
Cr:ZnSe laser. The Cr:ZnSe crystal is pumped by a Thallium-doped (Tm) fiber laser as
shown in Figure 6-18.
6.4.1 Hydroxyl absorption
As discussed in Chapter 4.1, H20 adsorbs and reacts readily with AlAs at elevated temper-
atures to form Al-O as well as Al-OH. The Al-OH dehydrogenates at 277'C [93], well below
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Figure 6-16: FTIR measurement of the partially oxidized rectangular mesa. The measure-
ment of the oxidized region was from the outer area of the rectangular mesa while the
measurement of the unoxidized region was from the center of the mesa.
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Figure 6-17: FTIR measurement of narrowband (VA172) versus broadband (VB123) SBR
for laser systems at 1550 nm showing the broad bandwidth in the oxidized SBRs due to the
increased index contrast of the Bragg mirror.
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Figure 6-18: Schematic of the Cr:ZnSe laser system that is pumped by a Thallium-doped
fiber laser that was used in mode-locking experiments with the oxidized SBR (VB123)
A,=2450 nm ROC=reflective optical chopper, OC=output coupler [92].
the oxidation temperatures that were used in this work, to form Al-O and desorbing Hy-
drogen. In general, water absorbs at 2.8im - 3.1im but the fundamental vibration modes
of OH molecules lie between 2.7pm - 4pm, which extends into the wavelength of interest
for the SBRs that were designed to mode-lock the Cr:ZnSe laser system. Wet oxidation
of AlAs can be expected to retain hydroxyl groups to some degree due to the nature of
wet oxidation. In addition, wet oxides can be expected to absorb more moisture from the
ambient due to the porous microstructure of the wet oxide [78]. For these reasons, an in-
vestigation was carried out into whether residual OH species, if any, embedded in the oxide
matrix could be annealed out post-oxidation using Nitrogen. FTIR reflection spectroscopy
was employed as a convenient method to identify any OH groups in the oxide, where the
OH-bonded molecules were expected to provide a unique spectral signature. The results in
Figure 6-19 show the results from 10-minute and 60-minute Nitrogen anneals immediately
following oxidation at 420'C of VA175, a calibration DBR structure that is centered at
2.5[pm. There is some discontinuity at the ~ 2.65pm from ambient water vapor, followed by
equally-broad dips in the reflectivity for both of the samples that were annealed. The origin
of this dip, which might be due to absorption from OH specie residuals in the structure or
simply from ambient moisture, is unclear.
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Figure 6-19: FTIR spectra from VA175 DBR (184nm GaAs/450nm AlAs) that was oxidized
at 420'C for 2 hrs, followed immediately by a 10-min and a 60-min N2 anneal at 420'C.
One might suggest that a solution to the possible creation OH groups is dry oxidation
using 02 gas instead of wet oxidation. However, 02 has a low probability of dissociative
chemisorption on the surface of AlAs and as such can not be used as an effective oxidant
of AlAs at temperatures in the 420-450'C range. Much higher temperatures, above 700'C
would be required to observe measurable oxidation depths. However, this comes at the
expense of surface quality as the structures delaminate with increasing temperature. Ad-
ditionally, thermally-activated segregation and diffusion of atoms may occur at such high
temperatures. Figure 6-20 shows the FTIR measurement from a dry oxide that was formed
in 02 at 725'C for 5 hours with no post-oxidation anneal, as well as measurements from a
wet oxide in H20 at 420'C for 2 hours followed by a 30-minute N2 anneal at 725'C. The
sample that underwent a wet oxidation and anneal has no observable dip after the atmo-
spheric vapor noise. However, the entire spectrum is blue-shifted out of range of the dip
and as such, the dip might have still been present had the spectrum not been so shifted.
The dry oxidized sample was visibly so delaminated at this elevated temperature, resulting
in the incoherent spectrum shown, making it impossible to compare wet and dry oxides.
Finally, changes in the magnitude of the absorption dip were measured over time. An
increase in the magnitude of the absorption dip would indicate that moisture from the
atmosphere was being absorbed into the structure over time. FTIR measurements of wet
oxides were taken 30 mins2, 1 day, 3 days, 4 days and 5 days after a 420'C, 2 hr oxidation
2 1t takes 30 minutes to transport the sample from the furnace to the FTIR and calibrate the FTIR before
152
1.5 2 2.5 3 3.5 4
Wavelength (am)
Figure 6-20: FTIR spectra from VA175 DBRs (184nm GaAs/450nm AlAs)x7 oxidized using
dry oxidation at 725'C for 5 hrs and wet oxidation at 420'C for 2 hrs, followed immediately
by a 30-min N2 anneal at 725'C.
followed by a 10min N2 anneal also at 420'C. The FTIR spectra of Figure 6-21(b), taken
after the sample of Figure 6-21(a) is exposed to ambient humidity at room temperature for
1 day, shows a shallow dip around 2.7 pm.
No observable increase in the magnitude of the dip is detected on Day 3, Day 4 and Day
5 as shown in Figure 6-21(c)-(e). These results suggest that the shallow absorption feature
possibly resulting from residual OH embedded in the structure may be due to moisture
adsorption into the porous oxide from the atmosphere post-oxidation. The magnitude of
the dip is negligible but if necessary, with optimized oxidation condition and hermetic
packaging, the absorption dip in the structure may be avoided.
6.5 Conclusions
In this work, a model has been presented for the design and development of large area
broadband Saturable Bragg Reflectors. The need for large area and broadband reflectivity
has been discussed and the challenges entailed in meeting these needs have been presented.
The greatest challenge associated with creating broadband SBRs on the length scale of hun-
the first measurement can be taken.
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Figure 6-21: FTIR measurements of VA175 DBR (184nm GaAs/450nm AlAs)x7 wet oxides
taken 30 mins, 1 day, 3 days, 4 days and 5 days after oxidation at 420'C for 2 hrs followed
by a 10min N2 anneal at 420'C.
dreds of microns has been delamination that is associated with over-oxidation of the mirror
layers, as well as thermally-assisted buckling of heavily strained absorber layers. By making
sure that the oxidation was carefully controlled and did not run over the requisite time to
achieve complete oxidation of a mesa structure, the delamination problems associated with
oxidizing the mirror stack were alleviated. By optimizing the oxidation temperature, in-
cluding the use of ramps to slowly initiate the oxidation process, the delamination problems
associated with the strained absorber layers were also alleviated.
As was demonstrated in this work, the ability to create large area SBR structures relies
heavily on the interplay between several variables. The most important variables are the
thickness of the AlAs layers, the amount of strain within the structure, the temperature of
the oxidation process, as well as the geometry of the mesas. Analysis of the many oxidation
results showed that the ease with which oxidants and by-products are able to diffuse into and
out of the oxide, in addition to the volume contraction that is experienced by AlAs during
oxidation influence the oxidation rate and ultimately the fabrication error margin. Similarly,
if there is strain or a presence of defects in the absorber layer due to lattice mismatch, this
also has an effect on the rate of oxidation. Excessive strain can be detrimental to the stability
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of the structure during the oxidation process. The interaction between the AlAs volume
contraction and the strain can be controlled during the oxidation process by the temperature
profiles that are described in this work. However, even with a slow temperature ramp, if the
oxidation is performed at excessively high temperatures, delamination will still occur. As
such, the processing temperature has to be optimized for the furnace used. Lower volume
contraction samples were less sensitive to the oxidation temperatures, but took longer to
fully oxidize because the AlAs layers were thinner. Ultimately, the oxidation process had
to be optimized for each SBR layer design. Finally, the geometry of the oxidizing mesas
influences the oxidation process. The oxidation rate is observed to increase as it approaches
completion in circular mesas, while it monotonically slows down in inverted structures. This
radial dependence of the oxidation rate is taken into consideration so as to minimize over-
oxidation of circular mesas, as well as in determining the spacing between the apertures in
the inverted structures so that oxidation can be completed in a reasonable amount of time.
Optical characterization of the structures indicated that the SBR designs should function
well in their respective laser systems to produce widely tunable femtosecond-scale pulses.
The oxidized SBRs are robust under moderate irradiation, but like conventional narrowband
SBRs are susceptible to thermal damage at high fluences. Analysis using FTIR spectroscopy
indicated complete oxidation of the structures. Characterization with XRay diffraction
indicated that absorber characteristics are not altered by the oxidation process described
in this work.
6.6 Future Work
Creating broadband SBRs for femtosecond laser systems through the oxidation of AlAs
layers, has not been without its challenges, leaving room for ideas for future direction.
These ideas include:
1. Understanding the structural nature of the AlGai lAs/GaAs interface and how to
prevent delamination at the weak AlxOy/GaAs interface during oxidation.
2. Exploring the growth of graded AlGa1 _zAs layers so as to ease the transition from
oxide to GaAs, as this might improve the quality the interface.
3. Quantifying the optical losses introduced by interfacial roughness.
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4. Fabricating an even broader band, more versatile SBR structure comprising of stacked
oxidizable Bragg mirror units that would span the entire wavelength range from 0.6
pm - 2.6 pm that was discussed in this work.
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Appendix A
SBR Inventory
The following is a table of the SBRs, DBRs and oxidation calibration samples that are
referenced in this thesis. All the thickness and composition values correspond to the design
thicknesses and compositions of the as-grown structures.
VA86 (Er:Bi 2 0 3 ):
83.2 nm GaAs
60 nm Ino.53Gao.47As
83.2 nm GaAs
22 pairs:
115 nm GaAs
133 nm Alo.95Gao. 05As
115 nm GaAs
GaAs substrate
VA102:
5nm GaAs
30nm Alo.17Gao.83As
25nm GaAs
10nm Alo.17Gao. 83As
5 pairs:
132 nm AlAs
61 nm Alo. 17Gao. 83As
132 nm AlAs
GaAs substrate
VA121:
7 pairs:
114 nm GaAs
193 nm Alo.29Gao.71As
GaAs substrate
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VA130 (Cr:LiSAF):
5 nm Al0.17Gao. 83As
15 nm Alo. 17Gao. 83As
6 nm Ino.15Gao.85As
20 nm Alo.17Gao.83As
6 pairs:
150 nm AlAs
60 nm Al0 .17Gao. 83As
150 nm AlAs
GaAs substrate
VA174:
7pairs:
115 nm GaAs
240 nm AlAs
GaAs substrate
VB 119:
100 nm InAs
200 nm GaAs
GaAs substrate
VA170:
40 nm InAs
6 pairs:
50 nm Alo.g 5Gao.05As
50 nm GaAs
GaAs substrate
VA175:
7pairs:
184 nm GaAs
450 nm AlAs
GaAs substrate
VB123 (Cr:ZnSe):
158 nm GaAs
50 nm InAs
158 nm GaAs
7 pairs:
181 nm GaAs
410 nm AlAs
GaAs substrate
VA172 (Cr:ZnSe):
162 nm GaAs
40 nm InAs
162nm GaAs
18 pairs:
213 nm AlAs
184nm GaAs
GaAs substrate
VA176 (Er:Bi 2O3 ):
83 nm GaAs
60 nm Ino.53 Gao.47 As
83 nm GaAs
7 pairs:
114 nm GaAs
240 nm AlAs
132nm AlAs
GaAs substrate
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Appendix B
SBR Oxidation Log
The following is a table of all the oxidation runs that were performed for this thesis. The
growth numbers refer to the structures that are described in Appendix A. The results in
this table are of circular and preliminary inverted structures. Results from the furnace
temperature calibration using various eutectics are also included.
Date Growth Temp Oxidized Oxidized Ramp Ramp Oxidation Result
time distance up down
(0C) (hr:min) pm (hr:min) (hr:min)
12/May/10 VA130 415 9:00 175 1 1 Incomplete
28/May/10 Si 900 3:17 0.21 1 1 yellowish-gold oxide
1/Jun/10 Si 900 3:17 0.22 1 1 yellowish-gold oxide
2/Jun/10 InSb 512 0:1:30 N/A N/A N/A no melting
2/Jun/10 InSb 527 0:1:30 N/A N/A N/A no melting
3/Jun/10 InSb 535 0:5:00 N/A N/A N/A no melting
3/Jun/10 InSb 545 0:5:00 N/A N/A N/A no melting
3/Jun/10 InSb 555 0:5:00 N/A N/A N/A Melted. InSb eutectic temp 527'C sug-
gesting a 280C offset in furnace.
7/Jun/10 VA170 438 5:00 240 1 1
8/Jun/10 Si 1000 3:17 0.53 1 1 green oxide
11/Jun/10 VA130 438 5:00 250 1 1 over-oxidized
11/Jun/10 VA121 438 5:00 250 1 1 over-oxidized with strange shadowing ef-
fect observed.
15/Jun/10 3 Si 900 2:17:00 0.171, 1 1 Slight color changed observed from the 1st
0.169, 0.169 to the 3rd even though the ellipsometer
[1st,2nd,3rd] with measures comparable thicknesses. Trying
1st being closest to detect differences in the oxidation con-
to steam ditions along the length of the furnace.
6/16/2010 4 Si 900 2:17:00 0.152,0.168, 1 1 Upon removal, the oxidation front is too
0.178, 0.174 [in diffuse to discern shadowing.
the order closest
to steam]
6/17/2010 4 VA121 438 5:00:00 . 1 1 Severe delamination. Same crescent moon
observed.
6/21/2010 5" Si piece 950 2:00:00 242nm,244nm, 1 1
256nm,271.8nm,
278nm,
continued ...
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Date Growth Temp Oxidized Oxidized Ramp Ramp Oxidation Result
time distance up down
(0 C) (hr:min) Am (hr:min) (hr:min)
6/22/2010 Sn 231, 241, 0:30:00 0:30 0:30
251, 261,
271
6/23/2010 In 156,166,176, Indium melted at 160C and higher, except
170,166,160 piece furthest downstream.
6/25/2010 VA174 438 4:00:00 A,B,C,D: 1 1 Under-oxidized and delaminated.
62,82,129,193
6/28/2010 VA174 438 2:00:00 A,B,C,D: 1 1 Under-oxidized but less delaminated than
44,61,77,116 6/25/10.
6/29/2010 VA174 438 6:00:00 A,B,C,D: 1 1 May have run out of steam.
86,130,N/A,N/A
6/30/2010 VA174 438 5:00:00 A,B,C,D: 1 1 D looks completely oxidized but with slight
39,72.5,97.5, delamination.
N/A
7/1/2010 VA174 438 5:00:00 A,B,C,D: 1 1 New Position: linch downstream. Under-
95,130,N/A,N/A oxidized, some delaminated.
7/26/2010 VA174 425 5:00:00 A,B,C: New Position: Another inch downstream.
166,186.5,186.5 Under-oxidized, some stripe delamination.
7/27/2010 VA174 425 5:30:00 A,B,C: 1 1 Less striped delamination.
151,179,164
7/28/2010 VA174 430 5:30:00 A,B,C: 1 1 Almost completely oxidized. Delamination
220,192,182 present at all locations but worse at A and
B
7/29/2010 VA174 430 6:00:00 A,B,C: 100-385 1
205,194,174 in 0:50,
385-430
in 0:30
7/30/2010 VA174 435 5:30:00 A,B,C: 1 1 Extremely delaminated.
173,185,164
8/2/2010 VA174 425 7:00:00 A,B,C,D: 1 1 Sample A looks the best. B looks a little
250,250,250, delaminated
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8/3/2010 VA130, 425 7:00:00 VA130: A,B,C,D: 1 1 VA130:B looks the best. oxidize longer
VA175 200,211,186, because too many mesas dont look com-
N/A. VA175:N/A pletely oxidized. VA175: totally delami-
nated. Too hot and also too long.
8/4/2010 VA130, 425 8:00:00 VA130:A,Aa,Ab,B: 1 1 VA130 in Ab,in between A and B but
VA174 220, closest to B, seemed to have the most
236,N/A,N/A. fully oxidized samples. Sample in Aa had
VA174:N/A bull's eyes that were longer in one direc-
tion that the other. Some delamination.
VA174:complete delamination.
8/9/2010 VA175 420 5:00:00 A,B,C,D: 1 1 Delamination in B and C
236,N/A,N/A,149
8/19/2010 VA130, 410 7:00:00 VA130:A,Ab,B,C: 1 1 VA130: incompleteno delamina-
VA175 180,170,176,163. tion.VA175:complete delamination
VA175:N/A
9/15/2010 VA102, 425 8:00:00 VA102 FrontA, 1 1 VA102 looks good, except for discoloration
VA174(inv) A,B,C: in A. VA174 inv incomplete oxidation with
250,199,209,N/A. pinholes.
VA174 FrontA,
A,B,C: 163,
166,121,N/A
continued ...
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Date Growth Temp Oxidized Oxidized Ramp Ramp Oxidation Result
time distance up down
(0 C) (hr:min) pm (hr:min) (hr:min)
9/29/2010 VA174, 420 2:00:00 VA175 A,B,C,D: 1:30 1:30 VA175 C has delamination but incomplete
VA175 124,160,169,134. oxidation as expected after only 2 hours.
VA174 A,B,C,D:
73,93,100,80
9/30/2010 VA174, 420 4:00:00 VA174 A,B,C,D: 1:30 1:30 VA174: incomplete but no delamination.
VA175 120,123,120,66.7. VA175: severe delamination.
VA175 A,B,C,D:
250,250,250,179
10/6/2010 VA174, 420 5:00:00 VA174 1:30 1:30 VA175A-C delaminated due to over oxida-
VA175 A,B,C,D: 166, tion.
N/A,N/A,73.
VA175 A,B,C,D:
N/AN/A,N/A,214
10/7/2010 VA174, 420 5:00:00 1:30 1:30 Repeat. VA175 still delaminated.
VA175
10/13/2010 VA176 425 7:00:00 1:00 1:00 A and D incomplete. Slight delamination.
10/14/2010 VA176 415 8:00:00 1:00 1:00 A-C completely oxidized. D incomplete.
No delamination
10/15/2010 VA176 410 8:00:00 1:00 1:00 A-D incomplete with delamination.
10/28/2010 VA175 415 5:30:00 A,B,C,D: 196um, 1:00 1:00 B and C are completely delaminated. A
N/A,N/A, 220um and D are similar.
10/29/2010 VA175 410 5:30:00 A,B,C,D: 1:00 1:00 Hardly any delamination on all.A com-
144.7um, plete. C has a strange color. B and D look
241.2,250,241 comparably oxidized.
11/1/2010 VA175 410 6:00:00 1:15:00 1:15:00 A incomplete, B-D complete, no delamina-
tion.
11/2/2010 VA176 415 7:30:00 1:15:00 1:15:00 A, D incomplete. B-C complete with de-
lamination.
11/17/2010 VA174, 420 3:00:00 VA174A:75, 1:30 1:30 Incomplete as expected.
VA175, VA175A:97,
VA176 VA176A: 61
11/18/2010 VA174, 420 1:00:00 VA174A:49, 1:30 1:30 Incomplete as expected.
VA175, VA176A: 44,
VA176 VA175A:76
11/22/2010 VA175, 420 3:30:00 VA176A: 66, 1:30 1:30 Incomplete as expected.
VA176 VA175A:98
11/23/2010 VA174(inv), 420 6:00:00 VA174(inv) A: 1:30 1:30 Both incomplete, no delamination.
VA176 54. VA176 A:69
11/24/2010 VA175, 420 6:00:00 VA175A:130, 1:30 1:30 Both incomplete, no delamination.
VA176 VA176A:89
1/25/2011 VA130, 410 5:00:00 1:00 1:00 Both incomplete, no delamination
VA176
1/27/2011 VA130, 410 5:00:00 1:00 1:00 Both incomplete, no delamination
VA176
1/28/2011 VA 130 410 5:00:00 B:125 1:00 1:00 Incomplete.On one side of the mesa oxi-
dation barely progressed. In some layers
oxidation just stopped. On some mesas it
looks like a crack developed and oxidation
did not progress further. On one mesa, it
looks like the first layer is oxidized all the
way through.
2/3/2011 VA130 410 2:00:00 B 100- 0:50 incomplete and non-uniform layer oxida-
385 in tion.
0:50,385-
410 in
0:30
continued ...
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Date Growth Temp Oxidized Oxidized Ramp Ramp Oxidation Result
time distance up down
( C) (hr:min) pm (hr:min) (hr:min)
2/4/2011 VA 130 410 8:00:00 B: 129 100- 0:30 incomplete, less staggered oxidation depth.
385 in
0:50,385-
430 in
0:30
2/15/2011 VA174(inv), 440 7:00:00 B inv: 93 100- 0:40 Incomplete with pinholes
VA130bare 410in
0:50,410-
440 in
0:30
2/16/2011 VA174(inv), 425 8:00:00 B inv, edge: 80, 1:00 0:45 Incomplete with pinholes
VA130bare 162.3
3/10/2011 VA174(inv) 425 4:00:00 B inv, edge: 1:00 0:45 Incomplete with pinholes
52,107
3/11/2011 VA174(inv) 425 2:00:00 B inv, edge: 43,82 1:00 0:45 Incomplete with pinholes
3/12/2011 VA174(inv) 425 12:00:00 B inv, edge: 1:00 0:45 Incomplete with pinholes
90.48,169
3/14/2011 VA174(inv) 400 and 2:00:00 B inv, edge: 37,67 1:00 0:45 Incomplete with pinholes
440
3/15/2011 VA174(inv) 425 0:20:00 B inv, edge Incomplete with pinholes
70C: 32,30; 80C:
20,19;90C: 18,22
3/16/2011 VA174(inv) 425 16:00:00 B inv: 98 1:00 0:45 Incomplete with pinholes
The following is a summary of the experiments using the medley mask SBR and DBR
structures that included rectangles, squares, circles and inverted structures. Results using
Mask 1 with the 500pm circular features are also included towards the end. This study was
an investigation of the influence of geometry on oxidation. The table reports the variables,
but does not include the actual oxidation depths of the hundreds of structures measured.
Date Growth Temp Oxidized Ramp Ramp Sample location
time up down on wafer
(0 C) (hr:min) (hr:min) (hr:min)
6/1/2011 VA175 420 4 1:30 1:30 Q1,A
6/1/2011 VB123 420 4 1:30 1:30 Q1,A
6/7/2011 VA175 420 2 1:30 1:30 Q1,B
6/7/2011 VB123 420 2 1:30 1:30 Q1,B
6/7/2011 VA175 420 1 1:30 1:30 Q1,C
6/7/2011 VB123 420 1 1:30 1:30 Q1,C
6/8/2011 VA174 420 2 1:30 1:30 Q1,B
6/8/2011 VA176 420 2 1:30 1:30 Q1,B
6/8/2011 VA174 420 1 1:30 1:30 Q1,C
6/8/2011 VA176 420 1 1:30 1:30 Q1,C
6/9/0211 VA174 420 4 1:30 1:30 Q1,A
6/9/2011 VA176 420 4 1:30 1:30 Q1,A
6/10/2011 VA130 420 2 1:30 1:30 Q1,B
6/10/2011 VA102 420 2 1:30 1:30 Q1,B
6/10/2011 VA130 420 1 1:30 1:30 Q1,C
continued ...
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... continued
6/10/2011 VA102 420 1 1:30 1:30 Q1,C
6/11/2011 VA130 420 4 1:30 1:30 Q1,A
6/11/2011 VA102 420 4 1:30 1:30 Qi,A
6/13/2011 VA115 420 2 1:30 1:30 Q1,B
6/13/2011 VA115 420 1 1:30 1:30 Q1,C
6/14/2011 VA115 420 4 1:30 1:30 Q1,A
7/25/11 VA130(rect) 420C, PosA 4 1:00 1:00 Q2,D
7/25/11 VA176(rect) 420C, PosA 4 1:00 1:00 Q2,D
7/25/11 VB123(rect) 420C, PosA 4 1:00 1:00 Q2,D
7/26/11 VA130(rect) 420C, PosA 2 1:00 1:00 Q2,D
7/26/11 VA176(rect) 420C, PosA 2 1:00 1:00 Q2,D
7/26/11 VB123(rect) 420C, PosA 2 1:00 1:00 Q2,D
7/26/11 VA130(rect) 420C, PosA 1 1:00 1:00 Q2,D
7/26/11 VA176(rect) 420C, PosA 1 1:00 1:00 Q2,D
7/26/11 VB123(rect) 420C, PosA 1 1:00 1:00 Q2,D
7/26/11 VA174(rect,circ,aper) 420C, PosA 0:10 NA NA Q2,F
7/27/11 VB123(aper) 420C,PosA 8 1:30 1:30 Q2
7/27/11 VA176(aper) 420C,PosA 8 1:30 1:30 Q2
7/27/11 VA176(Maskl circularme- 420C,PosA 8 1:30 1:30
sas)
7/27/11 VA176(Maskl circularme- 420C,PosB 8 1:30 1:30
sas)
7/28/11 VB123(aper) 420C,PosA 12 1:30 1:30 Q2
7/28/11 VA176(aper) 420C,PosA 12 1:30 1:30 Q2
7/28/11 VA176(Maskl circularme- 420C,PosA 12 1:30 1:30
sas)
7/30/11 VB123(aper) 425C,PosA 8 1:30 1:30
7/30/11 VA176(Maskl circularme- 425C,PosA 8 1:30 1:30
sas)
7/30/11 VB123(aper) 425C,PosB 8 1:30 1:30
7/30/11 VA176(Maskl circularme- 425C,PosB 8 1:30 1:30
sas)
7/31/11 VB123(aper) 430C,PosA 8 1:30 0:45
7/31/11 VA176(Maskl circularme- 430C,PosA 8 1:30 0:45
sas)
7/31/11 VB123(aper) 430C,PosB 8 1:30 0:45
7/31/11 VA176(Maskl circularme- 430C,PosB 8 1:30 0:45
sas) I IIII
The following is a table of the anneal and dry oxidation experiments that were carried
out on the 2. 4 5pm SBR and DBR structures.
Date Growth Temp Oxidized Ramp Ramp Condition
time up down
( C) (hr:min) (hr:min) (hr:min)
8/19/11 VA175 420, PosA 2:00 0:30 0:30 no steam throughout
8/22/11 VA175, VB123 420C, PosA 2:00 1:30 1:30 no steam during last
10mins @420C and during
ramp down
8/23/11 VA175, VB123 420C,PosA 3:00; 2:00 steam 1:30 1:30 no steam during ramp
+ 1:00 no steam down
continued ...
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Date Growth Temp Oxidized Ramp Ramp Sample location
time up down on wafer
(0 C) (hr:min) (hr:min) (hr:min)
... continued
Date Growth Temp Oxidized Ramp Ramp Condition
time up down
(0 C) (hr:min) (hr:min) (hr:min)
8/23/11 VA175, VB123 5 sam- 420C, dry ox 4:00 0:00 0:00 4 1pm 02
ples: VA175, VB123 un- in 02
patterned, VA175circular
mesas and VA175 VB123
medley
8/24/11 VA175, VB123 420C + 725 3:00; 2:00 @420C 1:00 (and later 1:00 no steam on ramp to
N 2 anneal + 1:00 @725C 0:30 to 725C) 725C,during anneal and on
ramp down
8/24/11 VA175, VB123 725C, dry ox 5:00 0:00 0:00 4 1pm 02
in 02
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Appendix C
Table of Relevant Refractive
Indices for SBRs
The following is a table of the relevant indices of refraction of the material layers in the
SBRs, DBRs and oxidation calibration samples that are referenced in this thesis. All the
Indices are at room temperature [94].
Material A=910nm A=1550nm A=2450nm
A12 0 3  1.76 1.75 1.73
GaAs 3.58 3.38 3.33
AlAs 2.97 2.89 2.87
Alo. 29Gao. 7As 3.35 3.22 3.18
Al0.17Gao. 83As 3.44 3.35 3.24
Alo.95Gao.05As 2.99 2.94 2.89
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